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1Summary
Bovine tuberculosis is in the UK a persistent disease, affecting cattle and badgers. The latter is 
suspected to be a reservoir for Mycobacterium bovis but the transmission between badgers and 
cattle remains unclear. Mycobacteria have been shown to survive ingestion by protozoa and 
some even multiplied inside amoebas. The aim of this study was to investigate some interactions 
of Acanthamoeba castellanii and Tetrahymena pyriformis with M, bovis. Firstly, the long term 
survival of the bacilli in protozoa was monitored. Secondly, it was investigated whether bacilli 
internalized in protozoa cysts are protected from hypochlorous acid and desiccation. Thirdly, the 
identification of M. bovis in environmental protozoa isolated from badger latrines was attempted.
The long term incubation of M. bovis with A. castellanii showed that the amoebas had a negative 
effect on the survival of virulent M. bovis. M. bovis was not detectable after 6 months of co­
incubation but remained viable at high concentrations in the control experiments. This effect 
however, could not be seen in T. pyriformis. Cysts of A. castellanii did not protect M. bovis from 
hypochlorous acid and desiccation. Results indicate that M. bovis was more susceptible to 
hypochlorous acid after the encystment in comparison with the controls. These findings suggest 
that A. castellanii contributes to the decrease of M. bovis and therefore, it can be suggested that 
protozoa might have a negative impact on the survival M. bovis in the environment.
In one of the samples taken from Woodchester Park, acid fast rods could be identified. Acid fast 
microorganisms were also identified in trophozoites of protozoa. This indicates that trophozoites 
of enviromnental protozoa might be earner of mycobacteria and possibly M. bovis. An infection 
with bacilli-containing trophozoites might therefore be a potential route of transmission between 
the environment and animals.
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Introduction to this thesis
Bovine tuberculosis is an infectious disease mainly of cattle. Despite many eradiation programs 
Mycobacterium bovis persist in cattle herds and wildlife. The badger has been suspected to 
contribute to the spread of the disease among herds. The habitat of the badger often intercepts 
with cattle pasture but the route of transmission between badger and cattle remains unclear. 
Environmental protozoa have been suspected to act as an environmental reservoir for M. bovis, 
and to play an important role in the transmission of bovine tuberculosis. M. bovis, like other 
pathogens, has been shown to be able to resist the digestion by protozoa.
The interactions between protozoa and bacteria are diverse: bacteria are the main food source for 
protozoa, bacteria can live as endosymbionts in protozoa, and bacteria can parasitize on protozoa 
or be toxic to them. On the other hand protozoa control the number of bacteria in the 
environment and are an essential part of the food web, vitally contributing to nitrogen turnover 
and plant growth. Some bacteria however, many of them important pathogens such as Legionella 
pneumophila, Salmonella enterica and Mycobacterium avium, can resist digestion by protozoa. 
Therefore, protozoa have been suspected to be an environmental reservoir for some pathogenic 
bacteria.
This thesis aims to clarify some questions concerning M. bovis and protozoa: the effect of 
protozoa and their cysts on the survival of M. bovis and the occurrence of infected protozoa in 
environmental samples. Two protozoa, Acanthamoeba castellanii and Tetrahymena pyriformis, 
both representing major groups of protozoa, were selected to study their interactions with 
M. bovis. Environmental protozoa isolated from badger latrines were examined for the presence 
of M. bovis.
Literature review
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1.1. Mycobacterium bovis taxonomy
Mycobacterium bovis is classified as member of the phylum Actinobacteria and the familiy 
Mycobacteriaceae. It is a slow-growing gram-positive rod shaped bacterium which is 0.2-0.6 pm 
wide and 1.0-10 pm long. M. bovis belongs together with M. tuberculosis, M. canettii, 
M. africanum and M. microti to the Mycobacterium tuberculosis complex (MTBC) (Biet et al., 
2005; Neill et al., 2005). M. tuberculosis is the causative agent of human tuberculosis but can 
also be transmitted to cattle (Ocepek et al., 2005). M. bovis causes bovine tuberculosis mainly in 
cattle, but also wild life.
1.2. M. bovis and cattle tuberculosis
1.2.1. M. tuberculosis and the phagosome
The following review of the intracellular survival of M bovis is mainly based on research 
concerning the cellular mechanisms of M. tuberculosis as both are part of the MTBC and 
M. tuberculosis being more intensly studied than M. bovis.
Phagocytes, which can be macrophages or dendritic cells but any kind of protozoa as well, are 
cells which are able to phagocytose, a process describing the ingestion of large particles such as 
bacteria or uni-cellular eukaryotes. In the case of macrophages the intake of bacteria is part of 
the host immune response and in case of protozoa the bacteria represent a food source. To 
understand how M. tuberculosis and consequently M. bovis survives in macrophages the 
mechanisms involved in the killing of bacteria by macrophages will be briefly reviewed.
Bacteria are being taken up by macrophages via phagocytosis, a process which starts with the 
attachment of the bacterial cell to the macrophages’ cell-membrane via receptors. Protrusions of 
the cell membrane engulf the bacterium which is then internalised. The attachment of 
M. tuberculosis to the surface of macrophages involves a variety of receptors. The main receptor 
on the surface of macrophages is the mannose receptor which binds to the mannose-capped 
lipoarabinomannan of the mycobacterial cell wall (Kang et al., 2005). Other major receptors to
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which M  tuberculosis binds are the complement receptor 3 and the DC-SIGN, the dendritic cells 
specific intracellular adhesion molecule 3 grabbing non-integrin (Tailleux et al., 2003). After the 
phagocytosis the formed vesicle is called a phagosome and in order to kill the internalised 
bacteria this undergoes a maturation process. During this maturation process vesicles fuse with 
the phagosome with the final goal to decrease the pH in the phagosome so the delivered 
hydrolases which can digest the internalised bacteria. The maturation of the phagosome can be 
roughly ordered in three phases, the early phagosome, the late phagosome and the phago­
lysosome. The final killing of the internalised microorganism is due to the acidic hydrolases 
present in the phagolysosome as well as superoxide radicals (0"2) and nitric oxide (NO) 
radicals1. Each phase is characterised by a characteristic pH and the occurrence of specific 
proteins. The pH decreases from 6.0- 6.5 in the early phagosome, to 5.0- 6.0 in the late 
phagosome to reach pH ~ 4.5 in the phago-lysosome. The decrease of pH is due to the pumping 
of protons (H+) into the lumen of the phagosome by vacuolar ATPases which are delivered to the 
phagosome by lysosomes. The phago-lysosome is formed by the fusion of lysosomes which 
deliver hydrolytic enzymes to the late phagosome. Rab proteins are GTPases involved in the 
formation of vesicles, the regulation of vesicle transport and sorting of proteins. These proteins 
play a major role in the maturation of the phagosome. Rab5 is involved in the formation of the 
early phagosome, whereas Rab7 is important for the mechanisms in the late phagosome (Fig. 1, 
I). The switch from Rab5 to Rab7 is a characteristic of the phagosome maturation. When 
M. tuberculosis is ingested the acidification of the phagosome is not completed and hydrolases 
can not be found. M. tuberculosis inhibits the conversion of Rab5 to Rab7 therefore arresting the 
maturation of the phagosome (Fig. 1, II; Deretic et al., 2006). The fusion with the lysosomes is 
inhibited and a lack of delivery of vacuolar ATPases results in a higher pH of ~ 6.0 (Ehrt and 
Schnappinger, 2009).
However, some experiments have shown that M. tuberculosis is able to escape into the cytosol of 
myeloid and protozoon cells (van der Wei et al., 2007; Hagedorn et al., 2009). Stamm et al., 
(2003) also showed that M. marinum can escape the phagosome and enter the cytosol of bone 
marrow derived macrophages.
1 Superoxide radicals are synthesised by a NADPH (nicotinamide adenine dinucleotide phosphate) oxidase complex 
and NO radicals by a nitric oxide synthease and translocate their products in the phagosome.
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The avirulent strain M. bovis Bacillus Calmette-Guerin (BCG) is not able to survive in 
macrophages. The Rab conversion as well as the acidification observed with M. tuberculosis and 
virulent M, bovis also takes place when M. bovis BCG is incubated with macrophages. However, 
unlike the virulent M. tuberculosis and M. bovis, BCG does not survive and grow in 
macrophages (Jordao et al., 2008; Via et al., 1997).
However, the ingestion and growth of M. tuberculosis promotes an inflammatory response. This 
attracts mono-nuclear cells which form a granuloma2 around the infected macrophages. The 
infected macrophages are surrounded by foamy macrophages3, these by macrophages and finally 
a layer of lymphocytes. Afterwards caseous necrosis occurs within the granuloma which 
involves the degradation of the infected lung tissue. This caseous necrosis centre may become 
soft and empties into the bronchi. The exposure of the bacilli to oxygen leads to their 
multiplication and coughing of infectious aerosols into the environment (Fig. 1 III; Fennelly et 
al., 2004; Russell, 2001). Fennelly et al. (2004) showed that the size of M. tuberculosis droplets 
coughed by tuberculosis patients ranged from 1.1 pm to 4.7 pm which is sufficiently small to 
reach the alveoli if inhaled. About 5 % of infected hosts develop the disease immediately and the 
rest develop a latent tuberculosis, in which (~2%) tuberculosis can reactivate later in life or after 
immunocompromising infections (Grosset, 2003; Young et al., 2009).
2 A granuloma is an accumulation o f  immune cells as a result o f infection or injury.
3 Foamy macrophages are differentiated macrophages, found in tuberculosis granulomas which are characterised by 
high lipid content. These cells are suspected to act as a reservoir for dormant M. tuberculosis.
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Fig. 1 The pathogenesis of M. tuberculosis. I: the usual pathway of a pathogen which can be 
killed by the macrophage; II: the arrest of the phagosome maturation by M. tuberculosis with the 
indicated inhibition of the Rab- conversion; III: the development of tuberculosis granuloma and 
shedding of free bacilli into the bronchia (adapted from Deretic et al., 2006 and Russell 2001).
1.2.2. The transmission of M. bovis
Bovine tuberculosis4 is considered a zoonosis5 showing a wide host range which includes not 
only domestic animals (predominantly cattle) but also wild life such as buffalo, deer and elk
4 Bovine tuberculosis refers to infections with Mycobacterium bovis.
5 A zoonosis is an animal disease which can be transmitted from animals to humans, in contrary to a reverse 
zoonosis which describes the transmission o f  a human disease from a human to an animal.
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(Michel et al., 2006; Nishi et al., 2006; Renwiclc et a l, 2007; Schmidbauer et al., 2007). 
Although M. bovis is infectious for most mammals it is mainly a disease of domestic and wild 
hoofed animals.
The route of transmission is mainly horizontal though vertical transmission also has been 
reported (Phillips et al., 2003). The most significant way of transmission is the respiratory route 
where infected animals produce M. bovis containing aerosols during sneezing and coughing.
Aerosol particles generated during coughing can have sizes between 0.5 pm and 12 pm but only 
aerosols < 5 pm can reach the alveoli (Ferron, 1994). There the particles which can contain 
infectious mycobacteria are phagocytosed by pulmonary alveolar macrophages. Particles larger 
than 5 pm are cleared from the respiratory tract mainly via mucocilliary clearance. The mucus is 
transported towards the pharynx where it can be swallowed. However, both small size particles 
(< 3pm) and large size particles (12 pm) have been shown to be mainly swallowed and to reach 
the digestive tract (Lippmann et al., 1980; Thomas et al., 2008).
Dean et al. (2005) and Palmer et al. (2002) inoculated cattle intratracheally with M. bovis 
suspension and showed that 6 to 10 bacilli are sufficient to cause bovine tuberculosis. Infectious 
aerosols (less than 5 pm in size) containing 100 and 1000 CFU M. bovis were shown to be able to 
infect cattle and deer (Palmer et al., 2002; Palmer et al., 2003; Via et al., 1997). Using guinea 
pigs Chambers et al. (2001) demonstrated that aerosols ranging from 0.5 to 7 pm in size and a 
dose as low as 10 CFU of M. bovis are capable of causing infection.
In order to study the infectious dose for an aerogenic infection, a mask is used to ensure the 
infected aerosols are delivered to the animals. However, under realistic conditions infected 
aerosols are exposed to environmental factors such as humidity, temperature and UV exposure. 
Increased humidity increases the survival rate of M. bovis. High humidity also protects 
aerosolised M. bovis from the inactivating action of UV rays (Ko et al., 2000). Gannon et al. 
(2007) showed that aerosolised M. bovis (105 CFU) survived up to 12 hours, and that 94 % 
survived the first 10 minutes of aerosolisation. The authors pointed out that this is a high value in 
comparison with other pathogens such as Escherichia coli which show a significant decline in
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the first 10 min and whose main transmission route is via the digestive tract. For M  tuberculosis, 
Fennelly et al. (2004) showed that the concentration of bacilli in aerosols of tuberculosis patients 
ranged from mostly negative samples to 3 CFU and 633 CFU in one patient. However, no 
literature could be found on the M. bovis CFU in aerosols derived from infected cattle or other 
animals. Considering the low infectious dose and the relatively long survival rate in aerosols 
under high humidity and no UV exposure conditions, even a low CFU of M. bovis in aerosols are 
likely to be sufficient for a successful aerogenic transmission of M. bovis.
The indirect route of transmission by ingestion is also an important part of the epidemiology of 
cattle tuberculosis (cattle TB6) and includes the intake of contaminated fodder due to 
contaminated pasture, milk or meat. The ingestion of infected milk is the main route of 
transmission of cattle TB to humans but has also been reported as a pseudo-vertical transmission 
route for cattle (Zanini et al., 1998). The infection of humans with M. bovis occurs mostly via the 
ingestion of contaminated milk but the introduction of pasteurisation of milk led to a rapid 
decline of bovine tuberculosis in humans in the developed countries (Enarson, 2006). Worth 
noting is the study conducted by Wotton and Miller (1970) who fed guinea pigs with 
M. tuberculosis and M. bovis. They observed acid fast rods in the crypts of Lieberkiihn and 
intracellularly within macrophages. In the gastrointestinal tract M-cells7 endocytose particles and 
microorganisms from the intestinal lumen and deliver them to macrophages. However, the 
infectious dose required for the oral transmission of bovine tuberculosis in cattle is several 
magnitudes higher than for the aerogenic transmission, hi their review Palmers and Waters 
(2006) also suggested that the aerogenic way of transmission is the major type in cattle but 
transmission via ingestion is the main route for other wild life such as deer and elk.
When the prevalence of cattle TB in Western Europe was still high the indirect transmission of 
cattle TB by grazing on contaminated pasture played an important role in the epidemiology of 
cattle tuberculosis. The shedding of M. bovis in the environment by infected cattle through their 
manure is not a regular event, however M. bovis can be present in faeces even months after the 
infection occurred. M. bovis could be found in the nasal mucus of artificially infected calves 9
6 Cattle tuberculosis (cattle TB) refers to the infection o f  cattle with M. bovis.
7 M-cells are specialised epithelial cells o f  the intestinal mucosa.
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months after infection and Neill et al. (1988) suggested that the presence of M. bovis in manure 
is probably due to the swallowing of infected mucus rather then the occurrence of M. bovis in the 
intestinal tract of cattle. A possible transmission between buffalo and cattle herds by using the 
same drinking facilities was examined by Michel et al. (2007). Although cattle TB occurred 
within the herds they could not isolate any M. bovis from the water troughs and excluded 
therefore the use of communal drinking water as a source of infection. This could be explained 
firstly, by an irregular occurrence of M. bovis in the nasal mucus of cattle (Neill et al., 1988) 
which might result in an irregular shedding of the bacilli in the water, and secondly, by the hot 
climate of the Kruger National Park, where the study was conducted, which might have 
decreased the survival of M. bovis (de la Rua-Domenech, 2006; Duffield and Young, 1985; 
Tanner and Michel, 1999).
1.2.3. Geographical distribution of cattle tuberculosis
Due to the fact that M. bovis infects mainly cattle the worldwide distribution of bovine 
tuberculosis is related to the distribution of cattle worldwide. In under-developed and developing 
countries where cattle TB is present among livestock, cattle are considered the main source of 
infection for humans and animals. The worldwide surveillance of cattle TB is a difficult task to 
manage: firstly, due to restricted financial resources of under-developed and developing 
countries which makes optimal surveillance and eradiation difficult and secondly, because some 
countries do not report cattle TB at all (OIE 2009). Therefore it can be assumed that the real 
number of outbreaks is not exactly known and the actual number of cases is higher than reported. 
Cattle TB is still a significant disease in African countries and in South America as well as in 
South East Asia (OIE 2009). It has been estimated that in developing countries 10-15 % of new 
cases of human tuberculosis are actually M. bovis infections. In developed countries M. bovis 
contributes to 0.5- 7.2 % of the total of new TB cases (de la Rua-Domenech, 2006).
In developed countries with good working surveillance and eradiation programs cattle TB 
remains predominantly a problem of wildlife which indicates a shift in the range of hosts. In 
these countries different wild life species became established as reservoirs for M. bovis.
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1.2.4. Cattle tuberculosis in Great Britain
Despite all eradiacation efforts cattle tuberculosis is a persistent zoonosis in the UK especially in 
the western and south-western parts of the country (DEFRA, 2010). The number of animals 
slaughtered due to bovine tuberculosis increased between 1998 and 2007 from 6,191 to 23,330 
and the number of confirmed reactors from 2,841 to 7,472 animals. In the UK 26 spoligotypes8 
of M  bovis have been identified each showing a localised distribution so that a certain 
spoligotype can be identified in certain areas (Smith et al., 2006). In Great Britain the frequency 
of isolation of the spoligotypes differs: so for example spoligotype 15 has been isolated in 3.3 % 
and spoligotype 35 in 1.94% of all cases. Spoligotypes 9 and 17 however, make together about 
55% of all isolates (Hewinson et al., 2006).
Fig. 2: Distribution of 12 of the 26 M  bovis spoligotypes found in England and Wales (Smith et 
al., 2006).
Due to surveillance programs and pasteurisation of milk, the problem of cattle tuberculosis in 
Great Britain today is less a problem of human infections which still occur (de la Rua- 
Domenech, 2006) but rather an economic problem which is causing financial losses. The
sSpoligotyping (acronym for spacer oligotvping) describes a method for the strain differentiation o f  members o f  the 
M. tuberculosis complex. The method is based on the identification o f  polymorphisms in the direct repeat (DR) 
cluster o f  the M  tuberculosis genome. The DRs are separated by spacer sequences. The number o f  DRs as well as 
the spacer is unique to each strain.
24
financial compensation for the loss of livestock after a herd breakdown ranges from 
approximately £100 to £1400 per animal and a total of over 100 million pounds in 2008 
(Sheppard and Turner, 2005; Jenkins et a l, 2010).
Bovine tuberculosis is not only a problem of domesticated animals and is often found in the 
wildlife population. The badger (Meles meles) is thought to be the main reservoir of infection for 
cattle but the exact route of transmission remains unclear. The close contact of badgers and cattle 
is thought to promote the spreading of cattle tuberculosis and it has been shown that cattle which 
have enough space for grazing and avoiding badgers are less likely to be infected (Mathews et 
al., 2006; Woodroffe et al., 2005). Badgers are not the only wild animals which are considered to 
be a potential wild life reservoir for BTB. Delahay et al. (2007) examined mammals of the 
British wildlife for the occurrence of M. bovis and could identify a range of animals with 
M. bovis and suggested that deer are also a potential source of infection for cattle. In two major 
studies, the Randomised Badger Culling Trial in the UK and the Four Areas Trial in Ireland, the 
effect of badger killing on the incidences9 of cattle tuberculosis was investigated. In the UK it 
was found that the decrease of BTB was 23.2% within the culling area but increased by up to 
24.5% outside the culling area. This was explained by the migration of badgers from 
neighbouring areas, increasing the prevalence of bovine TB in badgers (Donnelly et al., 2007). 
After the culling the positive effect lasted another three years in the inner zones and the negative 
effects observed at the outer land vanished after 1 Vi years. In Ireland the reduction rates were up 
to 68% where geographical isolation of the trial areas restricted the immigration of badgers and 
the culling was more efficient (Jenkins, 2010).
9 Incidence is the percentage o f  new cases in proportion to the entire population in a given period o f time.
25
1.2.5. Bovine tuberculosis testing
The policy dealing with cattle tuberculosis in the UK involves the routine testing of cattle every 
1 to 4 years depending on the incidence of cattle tuberculosis. Fig. 3 shows the testing intervals 
of cattle for bovine tuberculosis for 2010 in the UK. Regions with higher incidences such as 
South-West England are tested annually, whereas regions such as Northern Scotland with a low 
incidence of cattle TB are only tested every 4 years. Furthermore the testing of cattle prior to 
moving is compulsory for regions with a high incidence. Cattle are also tested for bovine 
tuberculosis after slaughtering and the occurrence of bovine tuberculosis in the wildlife is 
monitored (Gilbert et al., 2005).
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Fig. 3: Annual testing intervals for bovine tuberculosis in the UK for 2010 (DEFRA 2010).
Two tests are being used for the identification of BTB in cattle: the tuberculin skin test (TST) 
and the gamma interferon test (IFNy10). All herds are tested with the tuberculin skin test. The 
IFNy is used with animals which were negative for the TST in confirmed new bovine 
tuberculosis cases of the 3 and 4 yearly testing areas as well as in inconclusive cases in the 1 and 
2 years testing areas.
l0Gamma interferon is a cytokine which is secreted by immune cells and is involved in signal pathways.
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The TST is a comparative test consisting of purified protein derivates11 of M. bovis tuberculin 
(bovine PPD) which are injected under the animals’ skin. As a control M. avium PPD is used 
(avian PPD). The area of reaction (swelling) to bovine PPD is measured and compared with the 
control injection of avian PPD. In cases where the difference is more than 4 mm after 72 h the 
animal is considered as tuberculin skin test positive. In cases where the difference between the 
swellings is between 1 and 4 mm the test has to be repeated after 2 months and the result is 
classified as inconclusive. For the IFNy test whole blood samples are incubated with PPD and 
after an over night incubation the concentration of IFNy is measured in an enzyme immunoassay. 
The IFNy is based on the fact that antigen presenting cells in the blood of infected animals 
stimulate T-cells to secrete IFNy. The sensitivity12 of the TST is lower than that of the IFNy test 
but a combination of the two tests is used for a better detection of BTB (Wood et al., 1990).
The problem with the TST as well as the IFNy - test is that the antigens which provoke an 
immune reaction are not specific for the virulent M bovis. Vaccinated animals which received 
M. bovis BCG react in the test the same way as infected animals so that infected animals cannot 
be distinguished from vaccinated animals. Additionally, the composition of tuberculin is not 
defined and many environmental nontuberculous mycobacteria share these antigens with 
M. bovis lowering the specificity13 of these tests. ESAT-6 and CFP-10 are potential candidates 
for new testing approaches but even these antigens are often found in nontuberculous 
mycobacteria (Palmer and Waters, 2006).
1.3. Mycobacteria and the environment
1.3.1. Occurrence of mycobacteria in the environment
Nontuberculous mycobacteria14 such as M. kansasii, M. xenopi, M. scrofulaceum or 
M. fortuitum, can be ubiquitously found in water, soil, vegetation and faima and have been
11 Purified protein derivates (PPD) are obtained by boiling and purifying a mycobacterium culture.
12 The rate o f  sensitivity (%) indicates the number o f correctly identified infected animals.
13 The rate o f specificity (%) indicates the number o f  correctly identified uninfected animals.
14 Nontuberculous mycobacteria are all mycobacteria which do not belong to the MTBC. They are also known as 
environmental or atypical mycobacteria.
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isolated from a variety of sites around the world. In water environments mycobacteria have been 
found in natural habitats such as brook water and in water from peat lands as well as in mamnade 
environments such as sewage, water supplies and taps. The isolation of mycobacteria from rivers 
or lakes is often associated with contamination from sewage or agricultural sites (Pickup et al.,
2006). Although found in many natural habitats, mycobacteria seem to be often isolated from 
acidic environments such as peat lands. It seems like conditions found in these habitats, low pH, 
and decreased growth of mesophilic bacteria, support the growth of nontuberculous 
mycobacteria. The growth of the tuberculous mycobacteria, M  tuberculosis and M. bovis 
however, was not supported in these habitats (Kazda, 2000). As in water, mycobacteria are 
widely found in soil environments and do not only occur in natural habitats but also in mamnade 
environments. Wang et al. (2006) isolated Mycobacterium spp. from dumping sites in Japan 
using isolation methods with amoebas and without amoebas. As mentioned before 
nontuberculous mycobacteria can naturally be found in peat lands. Mycobacteria which naturally 
occur in peat lands have been isolated from air samples at compost production sites (Cayer et al.,
2007). Yajko et al. (1995) examined the occurrence of mycobacteria of the M. avium complex in 
the environment of HIV positive patients and found that 55% of soil samples taken from plant 
pots but only 0.76 % of water samples were contaminated. Other mamnade sites where 
nontuberculous mycobacteria were found are water distribution systems (102 CFU/ L in water 
system and up to 105 CFU/ g in deposits along the system and whirlpools (Embil et al., 1997).
Apart from water and soil, mycobacteria also occur in association with sphagnum vegetation and 
with insects and earthworms. Sphagnum vegetation, typical for peat lands has been shown to 
support the growth of environmental mycobacteria (Kazda, 2000). In context of this thesis the 
isolation of mycobacteria from insects and earthworms is more interesting. Beerwerth et al. 
(1979) isolated a variety of environmental mycobacteria in arthropods from different habitats 
(stables, pasture, peat land, water and woods). They reported that the mycobacteria occurred 
mainly in the insects which naturally have more contact with soil, such as larvae. The majority 
(54.6 %) of the isolates were found in stables. Fischer et al. (2001) showed that 4.5 % of Diptera 
(insects such as flies and mosquitos) caught in cattle and pig herds harboured environmental 
mycobacteria. Fischer et al. (2005) also reported that M. avium spp. paratubeculosis was found 
in 21.4 % of collected drone flies (Eristalis ten ax), an insect which is always found around dung
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pits of cattle and pigs. Various mycobacteria, such as M. avium, M. gastri and M. abscessus, 
were also isolated from earthworms. In this study the uptake of M. avium subsp. 
paratuberculosis from naturally contaminated manure by earthworms could be shown (Fischer et 
al., 2003).
1.3.2. Occurrence of M. bovis in the environment
When summarizing the occurrence of M. bovis in the environment attention must be paid to a 
diversity of ecological niches: soil, protozoa, water, the formation of aerosols and infected 
animals. The infected animals represent the major and most significant part of the ecological 
network since they are the main reservoir of M. bovis.
The connection between the air phase and infectivity is well established as the main transmission 
route of bovine tuberculosis is via aerosols. The air phase is not only important as a transport 
medium for infectious aerosols but is also important for the deactivation of M. bovis. The 
exposure to sunlight, which means exposure to UV-rays as well as dehydration, inactivates 
M bovis bacteria (Peccia and Hernandez, 2004; Xu et al., 2003).
Another important part of the environment which is highly suspected as an environmental 
reservoir for M. bovis is soil. Soil is not only the matrix where protozoa interact with each other 
but is also part of the animals’ diet as it is often attached to vegetation. Possible ways of how 
infectious bacilli can be introduced into soil are infected excreta, infected carcases but potentially 
infected aerosols produced by infected animals as well. The concentration of M. bovis-found in 
urine and faeces of badgers ranged from 103 to 105 per ml (Gallagher, 1998). Using PCR 
techniques the concentration of M. bovis in sett soil and latrines could be estimated to 
104 to 106/ g soil (Courtenay et al., 2006; Sweeney et al., 2007; Sweeney et al., 2006). The fate of 
M. bovis in soil however, is not clear.
Protozoa can interact with animals in two ways: they are ingested while being attached to food 
particles or soil matter or are parasites which naturally interact with the hosts. The survival of 
M  bovis and M. tuberculosis has been shown in two protozoa which both are widely found in the
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environment, A. castellanii and Dictyostelium discoideum (Taylor at al., 2003; Hagedom et al., 
2009). However, these experiments were conducted under laboratory conditions and the extent to 
what environmental protozoa contribute to the maintenance of M. bovis in the environment is not 
known. It is also unclear in what way the transmission of M. bovis via protozoa occurs.
1.3.3. Survival of M. bovis in the environment
Although cattle tuberculosis is a cause for economic loss worldwide few studies have been 
conducted on the survival of this pathogen in the environment. This is of particular importance 
for countries were livestock lives close to human housing and is an important part of the 
economic and social life such as in under-developed countries. In the developed world bovine 
TB was a significant problem at the beginning of the 20th century when a high percentage of 
cattle and beef herds were infected with BTB. The most cited studies on the survival of M. bovis 
in the environment were conducted at the beginning of the 20th century and newer studies on the 
survival of M. bovis in the environment are rare.
Studies concerning the survival of M. bovis refer often to cattle manure, dung or slurry. 
Stenhouse Williams and Hoy (1927, 1930) showed that from 391 calves examined, 1.5 % 
excreted tubercle bacilli in their faeces. These findings led to further investigations by the same 
authors published in 1930. They could not find any tubercle bacilli in naturally spread manure. 
For artificially infected manure tubercle bacilli were found to survive up to five months during 
winter time, for 2 months in spring, for 2 months in summer and 4 months dining autumn. 
Samples protected from direct sunlight showed in summer an extended survival time of 4 
months. Naturally infected faeces showed a 12 months survival time when stored and 24 months 
in artificially infected manure. The survival time in liquid manure was 4 months. The studies 
conducted by Maddock (1933, 1934) showed that M. bovis survived in soil/ dung in a wet and 
rather cold summer for up to 178 days and for 152 days in a warmer and hotter summer. The 
author could show that the infectivity on grass sprayed with tubercle bacilli remained even after 
heavy rainfalls and that the survival depended on the number of bacilli at the beginning of the 
experiment which was 49 days for 1.2 x 108 bacilli per square foot. Although the spiked grass
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was shown to be infectious after subcutaneous inoculation, the infection of healthy calves on 
tubercle bacilli sprayed grass succeeded only after repeated contamination of the grass. Maddock 
(1936) also showed that calves grazing on pasture which was previously grazed by infected 
cattle, failed to show symptoms of the disease. Reuss (1955) investigated the infectivity of BTB 
on pasture land and showed that 10 % of the tuberculin positive animals excreted tubercle bacilli 
and that naturally infected grass was infectious to guinea pigs after 8 weeks. Schellner (1956) 
foimd that 3.5 % of all tuberculosis infections in cattle were due to contaminated pasture land. 
He determined the infectivity of naturally (dung) and artificially (spiked and on pasture land 
sprayed with manure) infected pasture land on healthy cows and showed that the percentage of 
infected cows on naturally infected pasture was lower than on artificially infected ones. All 
animals were examined and 12.3 % showed abdominal tuberculosis. The weather conditions 
were described as cold and rainy. Schellner (1959) also investigated the infectivity of artificially 
infected sewage used as a fertilizer on pasture land. As in his previous experiments he introduced 
incubation periods of 7, 14 and 21 days prior to the grazing of the animals. After the first 7 days,
14.3 % of the cattle manifested BTB. For the rest of the time all animals were negative.
With the introduction of eradication programs and the fact that the environment is a possible 
infection source for cattle, the studies concerning bovine tuberculosis in the environment had to 
be conducted under more controlled conditions. The spreading of infectious material directly into 
the environment became inapplicable.
Duffield and Yoimg (1985) used artificially infected specimens, faeces and soil, to study the 
survival of M. bovis in the Australian environment. They tested the survival under sunny and 
shadowy conditions as well as in darkness and used sterilised as well as non-sterilised soil. The 
authors showed that M. bovis could not be re-isolated after 4 weeks in the environment. They 
could not recover M. bovis from any of the samples after sun exposure. Under dry as well as 
moist conditions the recovery of M. bovis succeeded in all cases from the non sterile soil samples 
only. The sterile soil samples were positive for M  bovis only under moist conditions. M. bovis 
was not recovered from any of the faeces samples either under moist nor under dry conditions. 
The sterilisation of the soil sample prior to the artificial infection with M. bovis might have 
altered the soil matrix so that the recovery rate decreased. The results imply also that the survival
32
of M. bovis in soil might depend on the soil micro-flora in sense that an intact soil environment 
improves the survival of M. bovis. A similar result was shown by Young et al. (2005) who 
detected a lower decay rate of M. bovis BCG in non sterile soil than in sterile soil. Furthermore 
they could show that at higher temperatures BCG survived better than at lower temperature in 
non sterile soil which might be due to the reduced activity of the soil micro-flora.
The effect of the environmental conditions on the survival of M. bovis has also been 
demonstrated by Jackson et al. (1995) who exposed M. frovw-containing cotton ribbons to 
different environmental conditions. They tested the survival of M. bovis on open pasture, on the 
forest floor and in the dens of possums. After the exposure to the open pasture they could not 
recover M. bovis after more than 4 days and not after 14 days for the forest floor samples. No 
significant differences could be detected between the seasons for both of them. A similar 
survival time of 14 days was detected in the possum’s dens, which provided more ambient 
conditions than the outer environment leading to a significantly longer survival time during the 
seasons with lower temperatures then during the hotter time of the year. To the same conclusion 
came Tanner and Michel (1999) when they studied the viability of M. bovis in the environment. 
They used naturally as well as artificially infected specimens and tested the survival of M. bovis 
under dry, moist, sunny and shady conditions. M. bovis survived in naturally infected lung tissue 
for up to 6 weeks and up to 4 weeks in artificially infected faeces. They also found that M. bovis 
survived in significantly longer winter than in summer and that for the naturally infected tissue 
the moist and shady conditions promoted a longer survival of M. bovis than the dry and sunny 
conditions.
As it became evident that especially in the UK the badger was a reservoir for M. bovis, the 
research concerning M. bovis’ survival started to concentrate on the badger. Gallagher (1998) 
examined the survival of naturally infected badger excreta in summer and winter. The 
concentration in urine was 105CFU/ ml, whereas in faeces it was 102 and 104/ g. During winter 
time M. bovis decreased by two orders of magnitude within one week in urine and within 4 
weeks in faeces and were detected only sporadically afterwards. During summer time M. bovis 
could not be detected in urine samples after 3 days and in faeces after 2 weeks. To elucidate the 
fate of M. bovis in faeces and urine is important for two reasons: firstly, the animals share open
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places for defecation (latrines) which play an important role in their territorial behaviour (Roper 
et al., 1986). As latrines can be found on pasture ground it was suggested that cattle that graze 
upon infected grass might get infected (Hutchings and Hams, 1999) and secondly, the badgers 
scrape around the latrine with their paws and it is like that they transport infected soil in their 
setts. Gallagher (1998) could detect M. bovis in one out of four setts. The humidity within badger 
setts was found to be 100 % and the temperatures ranged in average around 5°C in winter 
months and 15°C during summer time (Moore and Roper, 2003).
1.4. Interactions of pathogens with protozoa
Survival of bacteria in protozoa means that the viability of the bacteria is maintained after 
ingestion by the protozoa. The interactions between protozoa and pathogens have been studied 
for more than two decades now. Legionella pneumophila, the causative agent of the 
Legionnaires’ disease was the first pathogen for which survival and multiplication within 
amoeba could be shown (Rowbotham, 1980). Most of the pathogens investigated so far belong to 
the group of proteobacteria, such as L. pneumophila and Vibrio cholerae but also for species of 
the Phylum of Finnicutes {Mycoplasma hominis), Actinobacteria (M avium) and Chlamydiae 
{Chlamydia pneumoniae) an interaction with protozoa could be shown. The protozoa used for 
these studies were mostly species of the genus Acanthamoeba, ubiquitous amoeba widely found 
in the environment, whereas A. castellanii and A. polyphaga were the predominantly used 
species. Another protozoon, T. pyriformis, widely found in aquatic environments, has also been 
frequently used to study the interactions between pathogens and protozoa. Other pathogenic 
bacteria such as Burkholderia cepacia and Pasteurella multocida (Marolda et al., 1999; Hundt 
and Ruffolo, 2005) were also able to grow in amoeba species. The growth of intracellular 
bacteria led in some studies (Bozue and Johnson, 1996; La Scola et al., 2001; Solomon et al., 
2003) to the lysis of the protozoa host which resulted in the release of the internalised pathogens. 
The survival and growth of the pathogen in the protozoa followed by their lysis are suggested to 
be a general mechanism by which some pathogenic microorganisms survive and spread in the 
environment.
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1.5. Specific aspects of the interaction between protozoa and pathogenic bacteria
Elimination of bacteria from protozoan cell. Protozoa feed on bacterial prey which is 
phagocytosed after attachment to the cell membrane in case of amoebae or after filtration into the 
buccal cavity in ciliates. Food particles are phagocytosed regardless of their digestibility. Neither 
Acanthamoeba nor Tetrahymena discriminate between digestible and indigestible food sources 
and tend to expel indigestible food particles (Stewart and Weisman, 1972).
Two mechanisms are known by which protozoa eliminate pathogenic bacteria from their cells: 
expulsion as vesicles and killing/ digestion. Expulsion has been observed after the ingestion of L. 
pneumophila. The Legionella were expelled in form of vesicles after co-incubation with the 
amoeba A. castellanii and A. polyphaga. The size of these vesicles, each containing several 
bacteria, differed between the two studied protozoa but the vesicles showed an average of 3.6 pm 
and 3.3 pm, respectively (Berk et al., 1998). Brandi et al. (2005) showed the same effect with 
Salmonella enterica and L. pneumophila and the protozoa Tetrahymena. Vesicles expelled by 
Tetrahymena contained up to 50 Salmonella cells. Salmonella was more resistant to hypochlorite 
when enclosed within the vesicles than as free cells. The formation of vesicles was also observed 
in A. castellanii incubated with Francisella tularensis (Abd et al., 2003) and in A. polyphaga 
with M. septicum (Adekambi et al., 2006). These vesicles which contained the pathogenic 
bacteria wrapped in membrane layers were exocytosed by the protozoa into the medium. It is 
worth noting that in most studies the amoebas were co-incubated with the bacteria in non 
nutrient buffer solutions. Encystment due to starvation is quickly induced in protozoa which 
might suggest that the initialisation of the encystment process might trigger the fonnation of 
these vesicles.
In L. pneumophila the Dot/ Icm system (secretion system essential for intracellular growth) was 
found to be a shared determinant for the survival in Acanthamoeba, Dictyostelium as well as in 
macrophages (Molmeret et al., 2007). It has been shown that the expulsion of bacteria in vesicles 
relies on the ability of L. pneumophila to replicate in phagosomes (Berk et al., 2008). An 
incubation temperature below Legionella's minimal growth temperature disabled the bacteria
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from resisting digestion and enabling Acanthamoeba to kill Legionella (Ohno et al., 2008). This 
killing effect could not be shown for T. vorax (Smithsomerville et al., 1991).
A candidate similar to Dot/ Icm for the survival of mycobacterium in amoebas could be the 
early-secretory-antigenic target 6 (ESAT-6) and the culture filtrate protein 10 (CFP-10) of 
M. tuberculosis, M. bovis but also M. marinum. These are part of the ESX-1 secretion system, 
encoded on the region of difference 1 (RD1). ESAT-6 and CFP-10 have been shown to be 
significant virulence factors of M. tuberculosis as well as to play an important role in the 
attenuation of M. bovis BCG as the RD1 region is deleted in this strain (Abdallah et al. 2007; 
Hsu et al., 2003). ESAT-6 and CFP-10 form a heterodimer which is secreted and can dissociate 
again under acidic conditions enabling them to interact with phospholipids membranes (de Jonge 
et al., 2007). In M. marinum ESAT-6 has been shown to play a role in the formation of pores in 
membranes of macrophages and red blood cells. In M  marinum as well as M. tuberculosis 
ESAT-6 and CFP-10 are important for the translocation of the bacilli from the phagosome to the 
cytosol (Smith et al., 2008; Hagedorn et al., 2009).
Since the formation of vesicles was also observed after the co-incubation of amoebas with 
mycobacteria (Adekambi et al., 2006), it can be suggested that the interaction of the 
mycobacterial ESAT-6 and CFP-10 proteins might play a role in the excretion of mycobacteria 
by protozoa. Whether the expression of ESAT-6 and CFP-10 proteins changes at lower 
temperature and whether that might influence the survival in protozoa is not known. Also 
another reason for the expulsion of mycobacteria from protozoa might be the non-digestibility of 
the mycobacteria’s resistant waxy cell coat. This would represent a passive way for the 
mycobacteria to protect themselves from protozoa at lower temperatures.
Strain characteristics. The survival and growth of pathogens in protozoa is dependent on the 
bacterial strain used as well as on the chosen protozoa species. Moffat and Tompkins (1992) 
compared different strains of L. pneumophila in A. castellanii and could show that virulent 
strains of L. pneumophila grew in the amoebas whereas the avirulent strains did not. Similar 
conclusions were made by Cirillo et al. (1997) who compared several M. avium strains and four 
mycobacteria species. Tezcan-Merdol et al., (2004) tested three different serovars of S. enterica 
and 5 Acanthamoeba strains and found differences between the serovars as well as between the
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amoeba strains. Some studies on the other hand could not show any differences in the survival 
rate between strains of the same species. Hundt and Ruffolo (2005) and Zhou et al. (2007) who 
used P. multocida and Listeria monocytogenes strains, respectively, did not find significant 
differences between the tested bacterial strains. The difference between the strains might also be 
linked to the level of virulence of each strain. A highly virulent strain is able to invade and 
survive longer than an aviralent strain. Virulent strains express virulence factors at a higher level 
than less virulent or an avirulent strain. This has been shown for both L. pneumophila (Gal-Mor 
and Segal, 2003) as well as for M. kansasii (Goy et al. 2007).
Encystment. Protozoa are able to encyst, forming cysts, under unfavourable conditions and to 
excyst when environmental conditions reach an optimum again. Cysts are dormant forms which 
protect the protozoa from harsh environmental conditions. Fig. 4 shows schematically the 
process of encystation in A. castellanii. The internalisation of pathogens in cysts might then lead 
to a better survival of the bacteria when exposed to enviromnental stress. In cysts of 
Acanthamoeba species the following pathogens were observed: L. pneumophila (Kilvington and 
Price, 1990), Vibrio cholerae (Thom et al., 1992), F. tularensis (Abd et al., 2003), Simkania 
negevensis (Kahane et al., 2001) and different species of mycobacteria (Steinert et al., 1998, 
Adekambi et al., 2006). However, studies which investigated the occurrence of pathogens in 
cysts do not report the concentration of bacteria found in cysts.
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Trophozoite Pre mature cysts Mature cysts
4 )  nucleus <sss» cytoplasmic content
O  contractile vacuole ......... exocyst (protdnous)
(2) water expulsion vacuole ......... endocyst (cellulose rich)
^  food vacuole
Fig. 4: Encystation process of A. castellanii (schematic). Encystment is induced when 
environmental conditions become hostile: the trophozoite is rounding up (A, B). During the 
encystation process cellular contents as well as water expulsion vesicles are exocytosed into the 
medium and the protein rich exocyst starts to form (C). During this stage the number of food 
vacuoles decreases and the number of autolysosomes increases. The cellulose rich endocyst 
starts to form (D) and during the maturation of the cysts cytoplasmic contents are located 
between the forming walls. In mature cysts the cell volume is reduced and the cysts exhibit both 
walls (E). At this stage cytoplasmic contents can be found within the matured double wall.
Another important aspect of encystation is that food particles that cannot be digested by the 
protozoa are exocytosed from the cells during the encystation process. Stewart and Weisman, 
(1972) followed the fate of latex beads in amoeba. During the encystation process the 
indigestible latex beads were eliminated from the amoeba via exocytosis but they could not 
elucidate the mechanisms behind this exocytosis. They also found cytoplasmic material as well 
as latex beads between the walls of the cyst. But they could not observe any of the latex beads in 
the cytosol of mature cysts. However, the occurrence of bacteria in cysts is rather a rare 
observation (Bouyer et al., 2007). Steinert et al. (1998) for example observed M. avium as well 
as L. pneumophila in A. polyphaga: Mycobacterium in the cysts’ wall whereas, Legionella in the 
cytosol of the cyst. However, the authors do not report the percentage of infected cysts and after 
excystment they described the concentration of internal bacteria as “low numbers”. In a more
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recent study non-tuberculous mycobacteria were found to be preferably located in the exocyst of 
A. polyphaga cysts but the concentration of internalized mycobacteria in these cysts is only 
mentioned as to have been positive (Ben Salah and Drancourt, 2010). It is not clear to what 
extent the bacteria are internalized in the cysts and whether this affects their viability. No 
publications are available which describe the quantitative occurrence of pathogenic bacteria in 
cysts.
Autophagy prior to encystment. An important process during encystation is autophagy. 
Autophagy is a highly conserved cellular mechanism for the degradation of proteins in 
eukaryotes. It is an important process during starvation, aging, cell differentiation and cell death. 
During autophagy part of the cytoplasm as well as intracellular organelles are enclosed in a 
double membrane (the autophagosome) which later fuses with lysosomes (the autolysosome) 
leading to the digestion of the internalized components (Cuervo et al., 2005; IClionsky and Emr, 
2000). The formation of autophagosomes during encystation has been described for Entamoeba 
invadens, T. pyriformis and A. castellanii (Bowers and Korn, 1969; Nilsson, 1984; Picazarri et 
al., 2008). The latter observed that during the formation of the double wall (Fig. 4, C and D) 
exocyst is the outer wail and the endocyst is the inner wall) of the cyst portions of the cytoplasm 
could be seen between the exocyst and the endocyst. Cellular content was also observed within 
the double wall of mature cysts (Fig. 4, E). They suggested that during the encystation process a 
major part of the cytosol is eliminated from the cell when auto-phagocytosis occurs.
Although bacteria have been observed in cysts, many other authors failed to observe bacteria in 
cysts. Often the bacteria could be found between the cell walls and sometimes in the cytosol of 
the cysts. It is tempting to suggest that the inclusion of bacteria in cysts is rather an occasional 
event following the extrusion of cytoplasmic components during autophagy and encystment 
rather than a regular mechanism, hi mycobacteria, which also have been observed in vesicles, 
not only specific molecular mechanisms can be suspected to be involved in their intra-protozoan 
survival, but it is also possible that the waxy cell coat acts as a indigestible barrier. It can be 
suggested that the occurrence of expelled vesicles is a protozoan mediated process which is part 
of the encystation process and that the bacteria in cysts are happed within the cysts’ walls as a 
results of the encystation process.
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1.6. Conclusions
The research conducted so far 011 the survival of M. bovis in the environment show that 
temperature plays an important role so that the hotter the climate the shorter the survival of 
M. bovis. Correlated with the temperature is also the hiunidity of the environment indicating that 
M. bovis survives longer when the humidity is higher and consequently a dry milieu leads to a 
fast deactivation of M. bovis. Another factor which affects M. bovis in the environment is 
exposure to sim light. Ultraviolet (UV) light has a negative effect on M. bovis and a deactivation 
is rapidly achieved (Xu et al., 2003). The effect of UV irradiation is dependent on the relative 
humidity so that the higher the humidity the longer the survival of M. bovis (Peccia et al., 2004). 
Especially the combination of humidity and less UV exposure might explain why M. bovis 
survived longer in studies conducted in the moderate climate of Europe (Stenhouse Williams and 
Hoy, 1927; Maddock, 1933; Reuss, 1955) than in hotter climate like Australia or South Africa.
In most developed countries the pathogen is found in wildlife such as in whitetail opossum in 
New Zealand, deer in the USA and badger in the UK. Outbreaks of cattle TB in livestock are 
often seen as a result of wildlife infection from which it is transmitted to livestock. Therefore 
environmental factors which would affect the survival of M. bovis in the environment are rather 
interesting as an infection source for wildlife affecting in the end cattle herds.
Pathogenic bacteria have been shown to survive the ingestion by protozoa. The conclusions 
which can be made so far are that (I) pathogens, including mycobacteria are able to grow in 
protozoa under favourable experimental conditions, that (II) mycobacteria are able to survive for 
days in protozoa where non pathogenic bacteria are digested by the protozoa, that (III) protozoa 
can exocytose pathogens as vesicles and (IV) that mycobacteria can be found in cysts. It is 
thinkable that protozoa act as an environmental reservoir for M. bovis but the long term effect of 
protozoa on M. bovis is not known. To what extent protozoa cyst can protect internalised 
pathogenic bacteria from environmental stress is also not clear.
40
Aims of the thesis
The aims of this thesis are to examine the interactions between two protozoa, A. castellanii and 
T. pyriformis, and M. bovis as well as the occurrence of M. bovis in environmental protozoa.
Firstly, the long term survival of M. bovis in A. castellanii and T. pyriformis was investigated. 
This aimed to clarify the influence of protozoa on the survival of M. bovis in comparison with 
protozoa free controls.
Secondly, in cysts internalised M. bovis might survive better in the environment due to the 
protection offered by the cysts’ cell wall. Therefore, in the second part of this thesis the 
protective effect of A. castellanii cysts on M. bovis was investigated. The cysts which contained 
M. bovis were exposed to two stress factors: hypochlorous acid and desiccation and the survival 
of M. bovis monitored.
The third part concerns the occurrence of M. bovis in environmental protozoa. Protozoa were 
isolated from badger latrines of infected setts. The protozoa were examined for internalised 
M. bovis.
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2. Chapter 2: Survival of M. bovis in A. castellanii and /. pyriformis
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2.1. Biology of Acanthamoeba castellanii
A. castellanii is a unicellular eukaryotic micro-organism phylogenetically belonging to the sub­
kingdom of Protozoa, order Amoebida and family Acanthamoebidae. It is a ubiquitous living 
naked amoeba, found mainly in soil and water but also in air (Page, 1967). The optimum growth 
temperature for A. castellanii is 25°C although pathogenic strains can characteristically tolerate 
or even grow at 37°C (Kilic et al., 2004; Ozkoc et al., 2008). A. castellanii appears in the 
environment in two stages: as a trophozoite15, which is the metabolically active stage of life and 
as a cyst which is the dormant stage induced when environmental conditions become hostile. In 
the cyst stage the amoeba can survive for years and excyst into a trophozoite when the 
environmental conditions are suitable. The size of the trophozoite can vary between 12 and 
35 pm depending on isolates and strains (Khan, 2009). Characteristic for the trophic stage of the 
genus Acanthamoeba are the spike like acanthapodia which are used for attachment and catching 
prey as well as contacting other cells. The size of the cysts varies between 9 and 12 pm. During 
the cyst phase metabolism is at a low rate and the cell content is protected by a double wall.
The ability to form cysts enables A. castellanii to resist and survive harsh environments. The cyst 
wall of A. castellanii is formed of a double wall, the endocyst (the inner wall) which contains a 
high concentration of cellulose and the exocyst (the outer wall). These two walls connect with 
each other at certain points, called ostriols which are covered by operculas, lid like structures. 
During the encystment process the cell content is condensed and excess foods as well as 
indigestible particles are expelled. Prior to encystment A. castellanii releases vesicles from the 
cells and residual matter from the cytosol might become trapped between the walls, appearing 
like packets between the walls (Bowers and Korn, 1969). The encystment process can be 
initiated by starvation, dehydration, high cell densities, extreme pH values as well as extreme 
osmolarities. Under favourable conditions the trophozoites emerge from the cyst through the 
ostriols, leaving the double wall behind (Khan, 2009).
15 A trophozoite describes the vegetative, active, feeding and motile stage o f  protozoa. Replication occurs in this 
stage only.
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A. castellanii feeds mainly on bacteria and yeasts which are widely found in soil and water. Due 
to their motility via the pseudopodia A. castellanii cells favour feeding upon soil particles and 
prey attached to soil matter where the amoebas find their prey by chemotaxis. hi the absence of 
chemo-attractants the amoebas spread actively searching for prey (Schuster et al., 1993). After 
the food cells attached to the cell membrane of A. castellanii endocytosis is induced. 
A. castellanii uses coiling endocytosis to ingest the food particles which means the prey is 
surrounded by the amoeba acanthapodia which then spirally tightens around the prey. Once 
enclosed into the membrane the phagosome vacuole is internally formed which then fuses with 
lysosomes within 30 min. The lysosomes deliver hydrolytic enzymes such as acid phosphatase or 
glucosidases (Khan, 2009). Food particles which cannot be digested are expelled by exocytosis 
(Bowers and Olszewski, 1983).
A. castellanii trophozoites and cysts have been isolated from a variety of natural environments 
such as sediments, pond water, lake water and different types of soil, as well as in environments 
associated with animals such as in their guts or on their skin. Acanthamoeba species have also 
been found in man made habitats such as water taps, ventilation pipes, contact lenses or bottled 
water. Of importance is the occurrence of Acanthamoeba species in clinical environments where 
the protozoa were not only found on human skin, in the nasal cavities and on cornea but also on 
surgical and medical instruments (Khan, 2009).
A. castellanii infections. A. castellanii is known as the cause of several infections. The most 
commonly occurring and most studied infection is Acanthamoeba keratitis, an infection of the 
cornea. Affected mostly are contact lenses wearers where the contact lenses become 
contaminated with the amoebas; however, persons who suffered from eye injury followed by the 
contamination of the cornea with Acanthamoeba can also develop keratitis. If the inflamed eye is 
not treated, infection with A. castellanii can cause blindness. A rarer disease is granulomatous 
encephalitis caused by A. castellanii which is characterised by necrosis of brain tissue. Affected 
are immunocompromised persons with a mortality rate of 90 %. The amoebas enter the body of 
the affected persons via the lungs and the nasal cavity by breathing in cysts or after skin injuries 
which can cause cutaneous acanthamebiasis where Acanthamoeba trophozoites and cysts are
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found in skin lesions. Acanthamoeba species have also been associated with hypersensitivity 
pneumonitis by the presence o f Acanthamoeba in home humidifiers (Tyndall, 1995).
2.2. Biology of Tetrahymena pyriformis
Tetrahymena pyriformis is a unicellular protozoon which belongs to the order of 
Hymenostomatida and family of Tetrahymenidae. It is ubiquitously found mainly in aquatic 
enviromnent but also in terrestrial environments. T. pyriformis is a 30 x 50 pm oval or pear 
shaped ciliate, with cilia16 having a length of 5 to 8 pm and which occur as rows on the cells 
body but the precise cell size veries in different growth media. T. pyriformis grows at 
temperatures between 15 and 27°C and can be grown in axenic17 medium as well as in 
monoxenic cultures where the ciliates feed exclusively on bacteria. The cells of T. pyriformis are 
characterised by a buccal cavity into which food particles are filtered. At the bottom of this 
buccal cavity the food particles are endocytosed to be digested in food vacuoles. Tetrahymena 
egests non digested food particles through the cytoproct, a cell organelle located at the end of the 
cell (Hill, 1972).
Like Acanthamoeba and other protozoa Tetrahymena occurs in two different stages: the 
trophozoite and the cyst. The formation of the cyst is induced by starvation or unfavourable 
environmental conditions but also by reaching stationary phase. Starvation rapidly induces the 
formation of autophagosomes. During the process of autophagy (or autophagocytosis) cytoplasm 
is enclosed into vesicles which then fuse with lysosomes forming autophagosomes. The 
cytoplasmic content is digested and most non digested contents are expelled through the 
cytoproct (Gebauer, 1977).
T. pyriformis is a particle filterer and ingests live as well as dead particles. After the endocytosis 
of food particles the formed phagosome fuses with lysosomes which provide the enzymes 
necessary for digestion. The breaking down of food bacteria can be observed within 30 min after
16 Cilia are hair- like organelles on the surface o f cells. In case o f Tetrahymena spp these are used for motility and 
filtration
17 Axenic media do not contain bacteria but are media which in general contain a source o f  protein and a source o f  
carbohydrates. Monoxenic means growth on one bacterial species only.
45
ingestion. It has been estimated that under favourable conditions the retention time for ingested 
bacteria is 2 hours before defecation occurred (Elliott and Clemmons, 1966). The non-digestible 
parts of the food bacteria are not always expelled but some remain in intracellular vacuoles 
(Nilsson, 1977 and 1987). Moreover, food bacteria such as E . coli are not completely killed by 
T. pyriformis but can be egested as viable cells. Schlimme et al. (1997) showed that about 90% 
of the exocytosed faecal vacuoles18 contained viable bacteria. Additionally 80% of these 
vacuoles were expelled from the Tetrahymena cells during the first 2 hours after ingestion.
Tetrahymena species are widely used to investigate the biology of protozoa, and to elucidate the 
interaction between pathogens and ciliates. They are commonly used in studies concerning 
ecotoxicological issues and the assessment of pollutants in the environment.
Tetrahymena infections. The Tetrahymena species T. limacis and T. rotunda have been reported 
as parasites of slugs (Corliss et al., 1962), as facultative pathogens of insects (Lynn et al., 1981) 
and also in zebra fish and guppies (Astrofsky et a l, 2002; Imai et al., 2000). Lynn et al. (2000) 
reported for the first time the occurrence of a Tetrahymena species in a dog.
2.3. Mycobacteria and protozoa
As shown for other pathogens Mycobacterium species can also survive and multiply within 
protozoa (Drancouit et al., 2007; Goy et al., 2007; Solomon et al., 2003; Whan et al., 2006). The 
list of publications concerning mycobacteria’s survival is long. M. leprae was the first species to 
be observed in amoeba by Jadin (1975) who suggested that the amoeba A. culbertsoni and 
Naegleria fowleri might act as vectors for leprosy. Environmental mycobacteria such as 
M. chelonae, M. septicum or M avium have also been found to survive or grow in protozoa 
(mainly Acanthamoeba species) (Adekambi et al., 2006; Cirillo et al., 1997).
18 Many terms are used to describe exocytosed vesicles from protozoa: faecal pellets, egested vacuoles, expulsion 
vesicles or simply vesicles. The use o f  the term depends strongly on the aim o f  the study: when the feeding process 
in protozoa is being studied the authors refer to the expulsion o f vesicles as a defecation process whereas, in studies 
which aim to investigate the survival o f bacteria in protozoa the generalised term “vesicle” is used.
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So far, all species investigated showed an ability to survive the ingestion by amoeba but for 
M. smegmatis the results are contradictory. Where two groups could show that M. smegmatis 
was killed by A. castellanii (Cirillo et al. 1997), another one could show it survived the ingestion 
by A, polyphaga and was found in their cysts (Adekambi et al. 2006). The reason for the 
contradicting results might be foimd in different experimental designs, using different amoeba 
species but also different strains of mycobacteria.
The only study which involved the long-term observation of a mycobacterial species (M avium 
subsp. paratuberculosis) in protozoa (A. polyphaga) was conducted by Mura et al. (2006). They 
used nested IS90019 PCR to determine the level of gene copies of M  avium subsp. 
paratuberculosis over a time period of 24 weeks. They observed a decrease of PCR products in 
the first 8 weeks followed by a large increase between week 10 and week 24. The increase of the 
number of gene copies might represent the release of mycobacteria into the medium due to the 
degradation of the amoeba cysts. The authors concluded that only a small number of the 
mycobacteria and these as single cells only, were taken up by the amoeba. The only 
mycobacterium of the M. tuberculosis complex studied so far in connection with protozoa was 
M bovis by Taylor at al. (2003). They found that A. castellanii was able to ingest M. bovis and 
suggested that the virulent strains of M. bovis survived longer than the non virulent M. bovis 
BCG strain.
19 IS900 is an insertion element which has so far only been identified in M. avium spp paratuberculosis.
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2.4. Chapter aims
The aims of chapter 2 are as follows:
1. To determine the long term effect of A castellanii on M. bovis BCG Pasteur, M  bovis 10772, 
M. bovis 3129 and M  bovis 7926.
2. To determine the long term effect of T. pyriformis on M. bovis BCG Pasteur, M. bovis 10772, 
M. bovis 3129 and M. bovis 7926.
3. To study the uptake of M. bovis BCG Pasteur, M. bovis 10772, M  bovis 3129 and M 6ov/,s 
7926 byri. castellanii using the Ziehl-Neelsen staining technique.
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2.5. Materials and Methods
The list of cultures, media and material can be found in Appendix 8: Materials (page 230).
2.5.1. Culturing Mycobacterium bovis
M. bovis strains BCG Pasteur, NCTC 10772 as well as the field isolates M. bovis 3129 
(spoligotype 35) and 7926 (spoligotype 15); both provided by the Veterinary Laboratories 
Agency in Weybridge, were cultured in Middlebrook 7H9 medium. Middlebrook 7H9 was 
inoculated with 2% of a logarithmic phase culture and incubated at 37°C and shaking conditions 
(160 rpm). M. bovis cultures were regularly checked for contamination using Brain-Heart- 
Infusion agar plates.
2.5.2. Culturing and counting protozoa
A. castellanii and T. pyriformis were cultured according to the recommendations of the Culture 
Collection for Algae and Protozoa (CCAP, Scotland). A. castellanii (CCAP strain 1501/ 1A) was 
cultured axenically in 50ml PPG at 25°C in ventilated tissue culture flasks. For sub-culturing 2ml 
of a culture in the stationaiy phase was used to inoculate 50ml of PPG. For counting, 
A. castellanii was scraped off the flask using a cell scraper and to 100j.il cell suspension 50pl of 
trypan blue (4%) was added, incubated for 5min and the cells were counted using an Improved 
Neubauer haemocytometer. T. pyriformis (CCAP strain 1630/ 1W) was axenically cultured in 
PPY at 25°C without shaking using sterile Erlenmeyer glassware (250ml) closed with foam 
stoppers. For counting 0.5ml culture was placed in 1.5ml tubes and 0.5ml sodium chloride 
solution (NaCl; 10%) was added. The addition of NaCl solution was necessary because T. 
pyriformis cells are fast moving cells and in such a state not possible to count. The NaCl solution 
stopped the cells from moving so that they could be counted using an Improved Neubauer 
haemocytometer.
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2.5.3. Incubation of A. castellanii with M. bovis
Several flasks with A. castellanii were cultured as mentioned before in 50 ml PPG and 
microscopically checked. When A. castellanii cells were in an exponential phase20 the layer of 
cells was washed twice with PAS and cells were scraped off using a cell scraper and 25ml of 
PAS. Cells in the stationary phase are less able to perform phagocytosis (Chambers and 
Thompson, 1976) than cells in the log phase; therefore amoebas in the exponential phase were 
preferred. The suspensions of all flasks were pooled in one flask and the amoeba counted. In 
each well of a 24 well plates, 0.5ml of the amoeba suspension was pipetted and incubated over 
night at 20°C.
The supernatant was removed and 0.5ml of M. bovis culture (7 days old) was added to each well 
and incubated at 20°C for 2 Vi hours. The layer of amoebas was washed twice with Page’s 
amoeba saline (PAS). PAS which contained amikacin (lOOjiig/ ml) was added and incubated at 
20°C for 2 hours21. The layers were washed with PAS and 0.5ml PAS was finally added. The 24 
well plates were incubated at 20°C in a wet chamber22. For the lysis of the trophozoites and cysts 
0.5ml of SDS (1%; end concentration 0.5%) was added to the assigned wells and the entire 
volume was passed three times through a 27G blunted needle. From this 250pl was removed and 
placed in sterile 1.5ml tubes and 250pl BSA (10 %) was added and incubated for 10 min23. A 
serial dilution in 7H9 was subsequently performed and the mycobacteria were grown on 7H11 
agar. Every sample was processed as a triplicate which means that at each time point three wells 
were lysed at the same time and the average of the counted CFU was calculated. As a control 
15ml of the M. bovis culture was centrifuged for 15min at 3700 x g and resuspended in PAS. At 
each time point 0.5ml of M. bovis were removed and processed in the same way as the protozoa 
samples. The co-incubation experiment of A. castellanii and M. bovis was repeated three times.
20 Cells in the exponential phase appear as a dense layer but do not form a continuous layer on the bottom o f the 
flask and do not touch each other; also no floating cells are observed in this stage as well as the number o f dead cells 
is below the counting limit o f  the haemocytometer.
21 Amikacin was added in order to kill external mycobacteria (Cirillo et al., 1997).
22 Air tight containers contained some wet tissue. These containers were necessary in order to prevent spillage.
23 BSA was added to neutralize the effect o f SDS.
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2.5.4. Incubation of T. pyriformis with M. bovis
The cells of a three day old culture of T. pyriformis were counted and 15ml was placed in 50ml 
tubes. From the M. bovis culture (7 days old) 15ml was added and incubated at 20°C for 2 14 
hours. The cells were centrifuged for lOmin at 500 x g and resuspended in 30ml PBS which 
contained amikacin (100pg/ ml). After an incubation period of 2 hours the cells were centrifuged 
again and finally resuspended in 30ml PBS. The tubes were incubated at 20°C. At each 
designated time point (sampling) 0.5ml of the protozoa as well as the controls were removed and 
mixed with 0.5ml of SDS (1%; end concentration 0.5%) and the entire volume was passed three 
times through a 27G blunted needle. 250jil BSA (10%) was added and incubated for 10 min. 
From this a serial dilution in 7H9 was performed and the mycobacteria were grown on 7H11 
agar. Every sample was processed as a triplicate which means that three Falcon tubes were used 
per M. bovis strain and at each time point the mean of the counted CFU was calculated. As a 
control 15ml of the M. bovis culture was centrifuged for 15min at 3700 x g and resuspended in 
PBS. The co-incubation experiment of T. pyriformis and M. bovis was repeated three times.
2.5.5. FITC/ LysoTracker® Red staining
The acid fast staining technique is not suitable for the differentiation of internal cellular 
compartments. Therefore, the use of fluorescein isothiocyanate (FITC) labelled M. bovis BCG 
and M. fortuitum in combination with LysoTracker® Red for A castellanii was attempted.
Washed M  bovis BCG and M. fortuitum cultures were stained with FITC green according to 
standard staining protocol for 15 min at 37°C in carbonate buffer (pH 9.2). A. castellanii cells 
were harvest from a lag phase culture, washed, poured on polylysine coated glass slides and 
incubated for 2 h for re-attachment. LysoTracker® Red (50nM in PAS) was added and incubated 
for 1 h at room temperature (Ahmed, 2007). These cells were then incubated with 500 pi (per 
glass slide) of FITC labelled mycobacteria and incubated in the dark, in a wet chamber for 2 14 h 
and 6 h, respectively. The slides were then washed in PAS, fixed with paraformaldehyde (4%) 
and prepared for microscopy (Zeiss LSM 510 Confocal Microscope) using fluorescence 
mounting medium (Dako, UK).
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2.5.6. Acid fast staining procedure (Ziehl-Neeisen) for M. bovis co-incubated with
A. castellanii
Detached Acanthamoeba cells were poured on glass slides and incubated for 2h at room 
temperature in the dark. After attachment the supernatant was poured off and the attached 
amoebas gently washed in PAS. The slides were placed in a petri dish and 15ml of a BCG 
culture was carefully poured on top of the slides. After an incubation at 20°C for 2 V2 h the slides 
were washed twice in PAS. Subsequently the slides were air dried and heat fixed over a Bunsen 
flame. The slides were covered with a piece of blotting paper, soaked with carbol-fuchsin 
solution and incubated for 10 min at room temperature. The blotting paper was removed and the 
slides washed with water and then with acid-alcohol-solution for 20 sec. The slides were washed 
again with water and counterstained with methylene blue for 1 min. After a final washing step 
with water the slides were air dried and observed under the light microscope. The same 
procedure which was used for the incubation of Acanthamoeba with M. bovis BCG was used for 
the virulent M. bovis strains. Because the slides had to be taken out of the contaimnent level 3 
laboratory the glass slides were fixed with 4% paraformaldehyde after the incubation with 
M. bovis. The slides were then placed in a formalin box for external disinfection and incubated 
overnight. The staining procedure was performed afterwards as described for M. bovis BCG.
The same procedure was attempted with T. pyriformis with different concentrations of methylene 
blue but the results were unsatisfactory. The methylene blue counter stain accumulated in the 
cells so that the internalized acid fast rods could not be visualised.
2.5.7. Methods of analysis
The data were analysed as follows:
■ In order to be able to compare M. bovis in the protozoa-co-incubations with the 
corresponding controls a factor between M. bovis in protozoa and in the control at time
52
point zero (NO) was calculated: (M bovis in control/ M. bovis in protozoa). The CFU/ ml 
M. bovis with the protozoa was then multiplied with this factor (see also Appendix 1).
The resulting CFU/ ml were then transformed into logarithm (log). The log reduction rate 
was calculated by calculating the difference between the log value at time point zero (NO) 
and the designated time point (N t): [(Log NO) - (Log Nt)].
To compare the log reduction between the treatments, linear regressions were fitted and 
the slopes were compared using Fisher’s test (F-test). The goodness of fit of the linear 
regressions was assessed using the square of the correlation coefficient (r2), the standard 
deviation of the residuals (Sy.x) and the runs test (test of randomness). For these 
comparisons and tests as well as for the graphs GraphPad Prism 5.0 was used.
The photographs of the protozoa were taken using a Digital Microscope Camera with a 
lOx USB standard eyepiece and ULead® Photo Explorer 7.0 software.
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2.6. Results
2.6.1. Survival of M. bovis in A. castellanii
The survival of three virulent M. bovis strains, 10772, 3129 and 7926 as well as the avirulent 
strain BCG was studied in A. castellanii. For M. bovis strains 10772, 3129 and BCG three 
experiments were conducted whereas, for M. bovis 7926 two. For each strain the data from of all 
experiments was pooled and used to fit a linear regression.
As the results in Tab. 1 show, MbAc 10772 was reduced below the limit of detection (LOD) by 
day 225 in the first experiment which means a reduction rate of at least 6.34 log after 7 14 months 
whereas, M. bovis 10772 in the control was still detectable after this period of time and was 
reduced only by 1.83 log. In the second experiment the wells where M. bovis was co-incubated 
with A. castellanii became contaminated and had to be discarded but not the corresponding 
control. In the third experiment the control showed contamination after the first month and has to 
be discarded. However, the log reduction of all three experiments after 3 weeks of co-incubation 
can be compared because at this time point none of the experiments showed any contamination. 
In all three experiments M. bovis 10772 in A. castellanii showed a higher log reduction than the 
corresponding controls. This indicates that the amoebas negatively affect the survival of M. bovis 
10772 when co-incubated with A. castellanii.
Fig. 5 shows the linear regression of the log reduction of M  bovis 10772 in A. castellanii and in 
the corresponding amoeba-free buffer control for up to 225 days (7 14 months). The experiment 
was conducted three times, the first experiment being stopped by day 225, the second by day 175 
and the third by day 72. The reason for the different time periods was contamination of wells. 
Fig. 5 shows that survival of M. bovis 10772 in A. castellanii decreases faster than the 
corresponding amoeba-free control. The F-test indicates that the log reduction of MbAc 10772 is 
significantly different (P< 0.0001) from the log reduction of M. bovis 10772 amoeba-free buffer 
control (PAS control).
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Tab. 1: Log reduction of M. bovis 10772 in A. castellanii and in PAS. The multiplicity of 
infection (MOI) represents the number of M. bovis cells per each protozoa cell at the start of the 
co-incubation. The initial CFU/ ml of M  bovis were transformed into log and are shown in the 
table as Log NO.
M. bovis 10772 in A. castellanii and in corresponding controls
Time M. bovis 10772 and A, castellanii M. bovis 10772 control in PAS
(days) MOI Log NO Log reduction Log NO Log reduction
Exp. 1 0 2.21 6.34 0.00 6.54 0.00
5 0.80 -0.50
14 1.01 0.31
26 0.98 0.24
34 1.26 0.58
49 2.17 1.02
62 1.87 0.85
90 2.74 1.13
128 3.74 1.76
159 4.74 1.45
225 >6.34 1.83
Exp. 2 0 8.24 5.57 0.00 5.90 0.00
7 0.75 0.09
21 0.97 0.34
49 n. d. 1.30
70 n. d. 0.82
104 n. d. 2.22
154 n. d. 1.88
175 n. d. 2.39
Exp. 3 0 4.10 5.97 0.00 6.66 0.00
8 -0.42 0.25
21 0.63 0.27
30 1.03 n. d.
52 1.92 n. d.
72 2.20 n. d.
NO: CFU/ ml at time point zero; N  t days: CFU/ ml at a specified time point; Log reduction: [(Log NO) -  (Log N t
days)]; MOI: [(initial CFU/ ml M. bovis)/ (initial CFU/ ml A. castellanii)], n. d.: not determined.
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Fig. 5: Log reduction of M bovis 10772 co-incubated with A. castellanii and in the amoeba-free 
buffer corresponding control. The pooled data of three experiments were used to fit a linear 
regression. The slopes were compared using the F-test. Level of significance was P< 0.05. The 
goodness of fit {r2, Sy.x and the runs test24) for the linear regression as well as the result of the F- 
test are shown below:
M. bovis 10772 with A. castellanii r2-  0.94, Sy.x= 0.34, runs test: n. s. (P= 0.3186)
M. bovis 10772 control in PAS r2= 0.77, Sy,x= 0.40, runs test: n. s. (P= 0.2422)
Slope comparison (F-test) extremely significant (P< 0.0001; F= 50.39)
24 r2: square of the correlation coefficient; Sy.x: standard deviation of the residuals; runs test: test 
of randomness; n. s.: not significant
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As with M. bovis 10772 the co-incubation of A. castellanii with M. bovis 3129 (Fig. 6) also 
negatively affected the bacilli. Similar to M. bovis 10772, M. bovis 3129 also, decreased when 
co-incubated with A. castellanii significantly faster (P< 0.0001) than in the corresponding 
amoeba-ffee controls (Fig. 6). For M. bovis 7926 (Fig. 7) no statistical difference between the 
slopes of M. bovis 7926 in PAS and in A. castellanii was found. Tab. 2 shows the log reduction 
for M. bovis 3129 and Tab. 3 for M. bovis 7926 after the co-incubation with A. castellanii. For 
both strains the first experiment was conducted for 7 !4 months and both strains of bacteria were 
reduced below the LOD (M. bovis 3129 by 5.89 log and M. bovis 7926 by 7.39 log) after this 
period of time. In comparison to that M. bovis 3129 in the PAS control experiment was only 
reduced by 1.71 and M. bovis 7926 by 1.36 log. Contamination occurred when M. bovis 3129 
was used so that the second and third experiments could only be partially finished. However, the 
bacilli showed to be more reduced when incubated with A. castellanii than in the controls. For 
example when compared at day 104 (second experiment) the control was only reduced by 0.22 
log, whereas the co-incubation with A. castellanii reduced the bacteria by 2.91 log (Tab. 2).
M. bovis 7926 however, showed no contamination and the experiments could also be conducted 
for up to 6 months (Fig. 7 and Tab. 1). In the first experiment the log reduction for the amoebas 
co-incubated bacilli increased during the incubation period of 6 months. In the second 
experiment however, the log reduction rate at 154 days was indeed higher than in the 
corresponding control (2.37 and 1.64, respectively) but at 6 months time point the log reduction 
rate fell back to 1.82. This shows in comparison with the control at this time point (1.78) that 
although M. bovis 7926 was reduced in the first experiment at a higher rate than the control, the 
results of the second experiment put the effect of A. castellanii on M. bovis 7926 into 
perspective. In contrast to strain M. bovis 10772 and 3129, the F-test result for M. bovis strain 
7926 was not significant (Fig. 7) indicating that M. bovis 7926 survived better the co-incubation 
with A. castellanii then the other two virulent strains.
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Fig. 6: Log reduction of M. bovis 3129 co-incubated with ri. castellanii and in the corresponding 
amoeba-free buffer control. The pooled data of three experiments were used to fit a linear 
regression. The slopes were compared using the F-test. Level of significance was P< 0.05. The 
goodness of fit (r2, Sy.x and the inns test) for the linear regression as well as the result of the F- 
test are shown below:
M. bovis 3129 with A. castellanii r2= 0.78, Sy.x= 0.64, runs test: n. s. (P= 0.9253)
M  bovis 3129 control in PAS r2= 0.53, Sy.x= 0.48, runs test: n. s. (P= 0.9851)
Slope comparison (F-test) extremely significant (P< 0.0001; F= 25.35)
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Fig. 7: Log reduction of M. bovis 7926 co-incubated with A. castellanii and in the corresponding 
amoeba-ffee buffer control. The pooled data of two experiments were used to fit a linear 
regression. The slopes were compared using the F-test. Level of significance was P< 0.05. The 
goodness of fit (r2, Sy.x and the runs test) for the linear regression as well as the result of the F- 
test are shown below:
M. bovis 7926 with A. castellanii r2= 0.51, Sy.x= 0.69, runs test: n. s. (P= 0.9993)
M  bovis 7926 control in PAS r2= 0.77, Sy.x= 0.27, runs test: n. s. (P= 0.1448)
Slope comparison (F-test) not significant (P= 0.1101; F= 2.71)
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Tab. 2: Log reduction of M. bovis 3129 in A. castellanii and in PAS. The multiplicity of 
infection (MOI) represents the number of M. bovis cells per each protozoa cell at the start of the 
co-incubation. The initial CFU/ ml of M. bovis were transformed into log and are shown in the 
table as Log NO.
M. bovis 3129 in A. castellanii and in corresponding controls
Time M. bovis 3129 and A. castellanii M. bovis 3129 control in PAS
(days) MOI Log NO Log reduction Log NO Log reduction
Exp. 1 0 42.73 5.89 0.00 6.35 0.00
5 0.29 -1.33
14 0.33 -0.90
26 0.77 -0.85
34 0.81 -0.08
49 1.26 0.47
62 1.42 0.06
90 2.29 0.39
128 3.11 0.84
159 4.29 0.61
225 >5.89 1.71
Exp. 2 0 8.24 5.51 0.00 5.75 0.00
7 -0.18 -0.56
21 0.43 -0.43
49 0.61 -0.42
70 1.43 0.00
104 2.91 0.22
154 n. d. 0.34
175 n. d. -0.17
Exp. 3 0 9.40 5.41 0.00 5.78 0.00
8 n. d. -0.16
21 1.51 0.33
52 3.44 n. d.
NO: CFU/ ml at time point zero; N  t days: CFU/ ml at a specified time point; Log reduction: [(Log NO) -  (Log N t
days)]; MOI: [(initial CFU/ ml M. bovis)/ (initial CFU/ ml A. castellanii)]', n.d: not determined.
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Tab. 3: Log reduction of M. bovis 7926 in A. castellanii and in PAS. The multiplicity of 
infection (MOI) represents the number of M bovis cells per each protozoa cell at the start of the 
co-incubation. The initial CFU/ ml of M. bovis were transformed into log and are shown in the 
table as Log NO.
M. bovis 7926 in A. castellanii and in corresponding controls
Time M. bovis 7926 and A. castellanii M. bovis 7926 control in PAS
(days) MOI Log NO Log reduction Log NO Log reduction
Exp. 1 0 40.91 7.39 0.00 7.79 0.00
5 1.38 0.11
14 1.26 0.60
26 1.63 0.41
34 1.23 0.62
49 1.84 0.85
62 1.94 0.77
90 2.48 1.30
128 2.83 1.33
159 3.22 1.79
225 >7.39 1.36
Exp. 2 0 129.12 5.75 0.00 7.24 0.00
7 -0.10 0.71
21 0.63 0.68
49 0.23 0.68
70 0.83 1.08
104 1.25 1.52
154 2.37 1.64
175 1.82 1.78
NO: CFU/ ml at time point zero; N  t days: CFU/ ml at a specified time point; Log reduction: [(Log NO) -  (Log N  t
days)]; MOI: [(initial CFU/ ml M. bovis)/ (initial CFU/ ml/4, castellanii)].
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The aviralent strain M. bovis BCG was also co-incubated with A. castellanii as well as in PAS. 
Three experiments were conducted simultaneously with three different cultures of bacteria and 
amoebas. As seen in Tab. 4 BCG in co-incubation with A. castellanii, BCG was reduced below 
the limit of detection by day 130 (4 14 months) whereas, the corresponding controls were still 
detectable at this time point. At time point 150 days (5 months) however, the controls also were 
reduced below the LOD. The slopes of the linear regressions fitted for both the amoebas’ co­
incubation of BCG as well as the controls were not significantly different (Fig. 8). The initial 
concentration of bacteria used (NO) was about 1 log higher in the controls than in the co­
incubations with A. castellanii. Note-worthy is the difference in the survival of virulent M  bovis 
and M. bovis BCG in PAS. At time point 5 months BCG was not detectable any longer (Tab. 4) 
whereas, M. bovis 10772 showed reduction rates of 1.45 and 1.80, M  bovis 3129 of 0.61 and
0.34, and M  bovis 7926 of 1.79 and 1.64 (Tab. 1, Tab. 2 and Tab. 3).
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Tab. 4: Log reduction of M. bovis BCG in A. castellanii and in PAS. The multiplicity of 
infection (MOI) represents the number of M. bovis cells per each protozoa cell at the start of the 
co-incubation. The initial CFU/ ml of M  bovis were transformed into log and are shown in the 
table as Log NO.
Log reduction of M. bovis BCG in A. castellanii and in corresponding controls
M. bovis BCG and A. castellanii M. bovis BCG control in PAS
Exp. 1 Exp. 2 Exp. 3 Exp. 1 Exp. 2 Exp. 3
MOI MOI MOI
8.98 12.28 9.28
Time Log NO Log NO Log NO Log NO Log NO Log NO
(days) 4.92 4.78 4.82 5.60 5.93 5.78
0 0.00 0.00 0.00 0.00 0.00 0.00
4 0.52 0.30 0.15 -0.06 0.28 0.17
8 0.92 0.26 0.60 0.32 0.73 0.55
12 0.55 0.51 0.54 0.40 1.33 0.60
15 0.54 0.35 0.28 0.82 0.67 0.78
18 0.58 0.57 0.49 0.76 1.13 1.01
25 0.89 0.77 0.67 1.07 1.45 1.06
32 1.03 1.00 0.86 1.03 1.85 1.32
39 1.67 1.46 1.41 1.60 2.15 1.93
46 1.70 1.58 1.60 2.28 2.41 2.25
53 2.14 1.71 1.67 2.00 2.93 2,18
68 2.95 2.70 2.67 2.66 3.55 2.91
91 3.80 3.14 3.00 3.60 3.98 3.42
131 >4.92 >4.78 >4.82 4.30 4.63 4.78
150 >4.92 >4.78 >4.82 >5.60 >5.93 >5.78
NO: CFU/ ml at time point zero; N  t days: CFU/ ml at a specified time point; Log reduction: [(Log NO) -  (Log N t
days)]; MOI: [(initial CFU/ ml M. bovis)/ (initial CFU/ ml A. castellanii)].
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Fig. 8: Log reduction of M. bovis BCG co-incubated with A. castellanii and in the corresponding 
amoeba-free buffer control. The pooled data of three experiments were used to fit a linear 
regression. The slopes were compared using the F-test. Level of significance was P< 0.05. The 
goodness of fit (r2, Sy.x and the runs test) for the linear regression as well as the result of the F- 
test are shown below:
M  bovis BCG with A. castellanii r2= 0.94, Sy.x= 0.24, runs test: n. s. (P - 0.1240)
M. bovis BCG control in PAS r2= 0.94, Sy.x= 0.34, runs test: n. s. (P= 0.1838)
Slope comparison (F-test) not significant (P= 0.7665; F= 0.0888)
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2.6.2. Survival of M. bovis in T. pyriformis
The three virulent and one avirulent strain of M. bovis were co-incubated with the ciliate 
T. pyriformis for up to 230 days. The experiments were conducted two times and PBS instead of 
PAS was used for the ciliate-ffee controls.
The co-incubation of M  bovis with T. pyriformis did not reduce bacterial survival as 
A. castellanii did. None of the virulent M. bovis strains was reduced below the limit of detection. 
M. bovis 10772 showed a greater log reduction in the control (Tab. 5) where the log reduction 
was 2.00 in the first experiment and 2.09 in the subsequent experiment after ~230 days. By 
contrast at the same time point the log reduction in the co-incubation with T. pyriformis was 0.78 
and 0.07 log. The comparison of the slopes of the linear regression did not indicate a significant 
difference between the log reduction in T. pyriformis and the controls in PBS (Fig. 9).
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Tab. 5: Log reduction of M. bovis 10772 in T. pyriformis and in PBS. The multiplicity of 
infection (MOI) represents the number of M. bovis cells per each protozoa cell at the start of the 
co-incubation. The initial CFU/ ml of M. bovis were transformed into log and are shown in the 
table as Log NO.
M. bovis 10772 in I. pyriformis and in corresponding controls
Time M. bovis 10772 and T. pyriformis M. bovis 10772 control in PBS
(days) MOI Log NO Log reduction Log NO Log reduction
Exp. 1 0 103.75 5.67 0.00 7.64 0.00
3 -0.41 1.89
7 -0.53 1.08
14 0.27 2.44
21 0.08 1.83
28 -0.27 1.51
35 -0.19 1.36
45 -0.66 0.92
77 -0.45 1.36
108 -0.39 0.74
140 0.00 1.25
171 0.40 1.44
203 0.77 1.72
231 0.78 2.00
Exp. 2 0 5.45 6.38 0.00 5.47 0.00
7 -0.40 -0.51
13 -0.43 -0.25
22 0.44 -0.10
34 -0.18 0.11
42 0.57 0.02
57 0.63 0.50
70 0.78 0.39
97 0.82 0.69
132 0.10 1.17
163 0.35 0.79
195 1.08 1.32
232 0.07 2.09
NO: CFU/ ml at time point zero; N  t days: CFU/ ml at a specified time point; Log reduction: [(Log NO) -  (Log N t
days)]. MOI: [(initial CFU/ ml M. bovis)/ (initial CFU/ ml T. pyriformis)].
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Fig. 9: Log reduction of M. bovis 10772 co-incubated with T. pyriformis and in the ciliate-free 
buffer corresponding control. The pooled data of two experiments were used to fit a linear 
regression. The slopes were compared using the F-test. Level of significance was P<0.05. The 
goodness of fit (r2, Sy.x and the runs test) for the linear regression as well as the result of the F- 
test are shown below:
M. bovis 10772 with T. pyriformis r2~ 0.28, Sy.x= 0.48, inns test: n. s. (P -  0.3137)
M. bovis 10772 control in PBS r2-  0.18, Sy.x= 0.73, runs test: n. s. (P= 0.9659)
Slope comparison (F-test) not significant (P= 0.6541; F= 0.20)
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The results for M. bovis strains 3129 and 7926 were inconclusive. In the first experiment both 
strains showed that, in contrary to M. bovis 10772, the bacteria decreased quicker when co- 
incubated with T. pyriformis than in the corresponding controls, as it can be seen for M. bovis 
3129 at time point 230 days: 3.07 log reduction in the co-incubation with T. pyriformis and 0.89 
in the ciliate-ffee control (Tab. 6). Similar was the log reduction for M. bovis 7926: the ciliate co- 
incubated bacilli decreased faster than the corresponding control (1.97 log and 0.22 log, 
respectively, Tab. 7). These results would suggest that these two strains of M. bovis are 
negatively affected by T. pyriformis. However, the results of the second experiments put this into 
perspective since both M. bovis strains decreased in these experiments in the controls faster than 
in the ciliate co-incubations.
Linear regressions (Fig. 10 and Fig. 11) were fitted through the pooled data and the slopes 
compared by the F-test. The results did not show a significant difference between the log 
reduction of the bacteria with T. pyriformis and in PBS.
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Tab. 6: Log reduction of M. bovis 3129 in T. pyriformis and in PBS. The multiplicity of 
infection (MOI) represents the number of M. bovis cells per each protozoa cell at the start of the 
co-incubation. The initial CFU/ ml of M. bovis were transformed into log and are shown in the 
table as Log NO.
M. bovis 3129 in T. pyriformis and in corresponding controls
Time M. bovis 3129 and T. pyriformis M. bovis 3129 control in PBS
(days) MOI Log NO Log reduction Log NO Log reduction
Exp. 1 0 0.44 5.67 0.00 6.19 0.00
7 0.10 -0.62
13 0.10 -0.67
22 0.16 -0.71
35 -0.27 -0.98
42 0.52 -0.38
57 0.94 0.13
70 0.64 -0.53
97 -0.28 -0.51
132 0.92 0.11
163 2.07 0.63
232 3.07 0.89
Exp. 2 0 0.17 7.33 0.00 7.80 0.00
7 -0.28 0.00
30 0.35 0.23
60 1.20 0.77
90 1.00 1.56
NO: CFU/ ml at time point zero; N  t days: CFU/ ml at a specified time point; Log reduction: [(Log NO) -  (Log N t
days)]. MOI: [(initial CFU/ ml M. bovis)/ (initial CFU/ ml T. pyriformis)].
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Tab. 7: Log reduction of M. bovis 7926 in T. pyriformis and in PBS. The multiplicity of 
infection (MOI) represents the number of M  bovis cells per each protozoa cell at the start of the 
co-incubation. The initial CFU/ ml of M  bovis were transformed into log and are shown in the 
table as Log NO.
M. bovis 7926 in T. pyriformis and in corresponding controls
Time M. bovis 7926 and T. pyriformis M. bovis 7926 control in PBS
(days) MOI Log NO Log reduction Log NO Log reduction
Exp. 1 0 40.91 6.48 0.00 6.30 0.00
7 0.25 -0.95
13 0.41 -1.42
22 0.25 -0.70
34 0.69 -0.78
42 0.88 -0.23
57 0.60 -0.95
70 0.84 -0.28
97 0.53 -0.40
132 1.06 0.28
163 1.48 -0.08
232 1.97 0.22
Exp. 2 0 0.37 5.53 0.00 7.83 0.00
7 -1.74 0.05
30 -1.05 0.23
60 -0.87 0.68
90 -1.20 1.48
NO: CFU/ ml at time point zero; N  t days: CFU/ ml at a specified time point; Log reduction: [(Log NO) -  (Log N t
days)]. MOI: [(initial CFU/ ml M  bovis)/ (initial CFU/ ml T. pyriformis)].
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Fig. 10: Log reduction of M. bovis 3129 co-incubated with T. pyriformis and in the ciliate-free 
buffer corresponding control. The pooled data of two experiments were used to fit a linear 
regression. The slopes were compared using the F-test. Level of significance was P< 0.05. The 
goodness of fit (r2, Sy.x and the rnns test) for the linear regression as well as the result of the F- 
test are shown below:
M. bovis 3129 with T. pyriformis r2= 0.74, Sy.x= 0.43, runs test: n. s. (P= 0.8462)
M. bovis 3129 control in PBS r2= 0.29, Sy.x= 0.61, runs test: n. s. (P= 0.9748)
Slope comparison (F-test) not significant (P= 0.0519; F= 4.12)
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Fig, 11: Log reduction of M. bovis 7926 co-incubated with T. pyriformis and in the ciliate-free 
buffer corresponding control. The pooled data of two experiments were used to fit a linear 
regression. The slopes were compared using the F-test. Level of significance was P< 0.05. The 
goodness of fit (r2, Sy.x and the runs test) for the linear regression as well as the result of the F- 
test are shown below:
M. bovis 7926 with T. pyriformis r2= 0.35, Sy.x= 0.84, runs test: n. s. (P= 0.8462)
M  bovis 7926 control in PBS r2= 0.14, Sy.x= 0.68, runs test: n. s. (P= 0.9993)
Slope comparison (F-test) not significant (P= 0.2363; F= 1.46)
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The avirulent strain BCG however decreased at a higher level in the control than in the co­
incubation with T. pyriformis. In the first experiment BCG was reduced in the control below the 
limit of detection (5.64 log) after 144 days but not when co-incubated with T. pyriformis 
(Tab. 8). Although the experiment had to be stopped by day 99, the log reduction in the control 
(4.18 log) was higher then in the ciliate co-incubated sample (3.23 log). The result of the F-test 
indicated a significant difference (P< 0.0001) between the slopes of the linear regressions (Fig. 
12).
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Tab. 8: Log reduction of M. bovis BCG in T. pyriformis and in PBS. The multiplicity of 
infection (MOI) represents the number of M. bovis cells per each protozoa cell at the start of the 
co-incubation. The initial CFU/ ml of M. bovis were transformed into log and are shown in the 
table as Log NO.
M. bovis BCG in T. pyriformis and in corresponding controls
Time M. bovis BCG and/’, pyriformis M. bovis BCG control in PBS
(days) MOI Log NO Log reduction Log NO Log reduction
Exp. 1 0 44.18 5.36 0.00 5.64 0.00
2 0.36 0.86
4 0.39 1.34
7 0.36 n. d.
10 1.46 0.94
14 0.74 1.64
19 0.87 1.79
25 1.21 2.07
36 1.44 2.00
50 1.20 2.23
63 1.36 2.28
95 1.93 4.64
144 2.79 >5.64
185 3.63 >5.64
Exp. 2 0 17.38 5.20 0.00 5.48 0.00
3 0.53 0.18
6 0.56 0.53
10 0.72 0.78
13 1.20 0.70
16 0.87 1.37
23 1.09 1.58
30 1.16 2.08
37 1.53 n. d.
51 1.62 n. d.
66 2.22 4.00
89 2.58 3.88
99 3.23 4.18
NO: CFU/ ml at time point zero; N t days: CFU/ ml at a specified time point; Log reduction: [(Log NO) -  (Log N t
days)]. MOI: [(initial CFU/ ml M. bovis)! (initial CFU/ ml T. pyriformis)], n.d.: not determined
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Fig. 12: Log reduction of M  bovis BCG co-incubated with T. pyriformis and in the ciiiate-free 
buffer corresponding control. The pooled data of three experiments were used to fit a linear 
regression. The slopes were compared using the F-test. Level of significance was P< 0.05. The 
goodness of fit (r2, Sy.x and the runs test) for the linear regression as well as the result of the F- 
test are shown below:
M  bovis BCG with T. pyriformis r2= 0.85, Sy.x= 0.36, runs test: n. s. (P= 0.4660)
M. bovis BCG control in PBS r2-  0.89, Sy.x= 0.44, runs test: n. s. (P= 0.5000)
Slope comparison (F-test) significant (P< 0.0001; F= 41.60)
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2.6.3. Summary
Three virulent strains and an avirulent strain of M. bovis were co-incubated with A. castellanii 
and in PAS (control) at 20°C in the dark. The virulent strains of M. bovis survived in PAS for up 
to 7 Vi months whereas, BCG survived only for 4 Vi months. A. castellanii was shown to have a 
significant negative effect at the survival of M. bovis 10772 and 3129 but not 7926 and BCG.
The negative effect of A. castellanii on the virulent M. bovis strains could not be shown with 
T. pyriformis. Although M. bovis 10772 showed a trend to survive less well in the control than 
with the protozoa, M. bovis 3129 and 7926 showed an opposite trend with the bacteria surviving 
better in the controls. The results of the F-test did not confirm a significant difference between 
the survival of virulent M. bovis in T. pyriformis and the control. M. bovis BCG however, was 
significantly (P< 0.0001) reduced below the limit of detection in the PBS control after almost 5 
months, whereas the bacteria in co-incubation with T. pyriformis were still detectable after 6 
months.
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2.6.4. Results of FITC/ LysoTracker® Red staining
The results of the FITC/ LysoTracker® Red staining were not satisfactory. The amoebas
detached too easily from the glass slides so that only a small portion of the initial cells was still
attached to the slides after the staining procedure. No amoebas with internalised M. bovis BCG 
were observed and only a few with M. fortuitum. This procedure was not further optimised. The 
results of the acid fast staining technique proved to be more reliable and easier to duplicate than 
the FITC/ LysoTracker Red staining method.
2.6.5. Uptake of M. bovis by A. castellanii
In order to make sure that M. bovis was taken up by A. castellanii as described in materials and 
methods, amoebas and bacilli were co-incubated on glass slides. These slides were then stained 
using the Ziehl-Neelsen stain (acid fast stain). The virulent M. bovis strains 10772, 3129 and 
7926 were co-incubated for 2 Vi h and BCG for up to 4 days. The experimental procedure 
involved the incubation of slides in M. bovis suspension, increasing the risk of spillage. 
Additionally the staining of the virulent strains required the use of para-formaldehyde in order to 
deactivate the bacilli. However, the application of para-formaldehyde lead to detachment of the 
amoebas from the glass slides. Therefore the incubation of virulent strains was restricted to 2 Vi 
h. Because M. bovis BCG did not require the para-formaldehyde treatment the slides could be air 
dried and heat fixed and therefore conducted for up to 4 days.
Co-incubation for 2 Vi h. After 2 'A h of co-incubation all three M  .bovis strains were 
internalized by the amoebas. Fig. 13 shows M. bovis 10772, Fig. 14 M. bovis 3129, Fig. 15 
M. bovis 7926 and Fig. 16 the avirulent strain BCG. Each figure is composed of single 
photographs (marked as A, B, C etc) which show different examples of amoebas with 
internalized bacteria.
The acid fast rods of M. bovis are stained purple and the amoebas appear blue due to the 
methylene blue used as a counter stain, hi Fig. 13 C and Fig. 16 B arrows indicate an example of
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the localisation of purple rods in amoebas. These photos show that clear zones can be observed 
around the rods in the amoebas. This indicates that the bacteria were internalized by the amoebas 
into compartments. However, the acid fast stain does not identify the nature of these 
compartments and whether these are phagosomes or phago-lysosomes can not be determined.
The rods appear to be localized in the amoeba as single bacilli as seen in Fig. 13 A or Fig. 14 C 
and as clumps of bacilli or clumps as seen in Fig. 15 C and Fig. 16 A.
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Fig. 13: Light microscopy photographs of A. castellanii with internalized M. bovis 10772 on 
glass slides. After a co-incubation period of 2 Vi h the slides were stained using the Ziehl- 
Neelsen technique. Red rods show M bovis bacteria. The amoebas are stained blue with 
methylene blue. Total magnification xlOOO.
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Fig. 14: L ight m ic r o sc o p y  ph otograp h s o f  A. c a s te lla n ii  w ith  in ternalized  M . b o v is  3 1 2 9  on  g la ss  
s lid e s . A fter  a co -in cu b a tio n  period  o f  2 l/ 2 h the s lid e s  w ere  sta ined  u sin g  the Z ie h l-N e e lse n  
tech n iq u e. R ed rods sh o w  M . b o v is  bacteria . T h e  am o eb a s are sta ined  b lu e  w ith  m eth y len e  b lue. 
T otal m a g n ifica tio n  xlOOO.
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Fig. 15: L ight m icro sco p y  p h otograp h s o f  A. c a s te lla n ii  w ith  in tern a lized  M  b o v is  7 9 2 6  on  g la ss  
s lid e s . A fter  a co -in cu b a tio n  p eriod  o f  2 Vi h the s lid e s  w ere  sta ined  u sin g  the Z ie h l-N e e lse n  
tech n iq u e. R ed rods sh o w  M . b o v is  bacteria . T h e am oeb as are sta ined  b lu e  w ith  m eth y len e  b lue. 
T otal m a g n ifica tio n  xlOOO.
81
Fig. 16: L ight m ic r o sc o p y  photograp h s o f  A. c a s te lla n ii  w ith  in tern alized  M  b o v is  B C G  on  g la ss  
s lid e s . A fter  a co -in cu b a tio n  period  o f  2 */2 h the s lid e s  w ere  sta ined  u sin g  the Z ie h l-N e e lse n  
tech n iq u e. P urple rods sh o w  M  b o v is  B C G  (arrow s). T he am oeb as are sta in ed  b lu e  w ith  
m eth y len e  b lu e. T otal m a g n ifica tio n  xlOOO.
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Co-incubation for 4 Vz h of BCG. After 4 /z h of co-incubation of A. castellanii with BCG the 
amoeba cells show that the internalized bacteria do not appear in clumps as they did after 2 XA h 
but rather as single cells or small conglomerates of cells (Fig. 17). M. bovis BCG cells can be 
observed at the cell wall of the amoeba cells (Fig. 17 C, E, F, G and H). In Fig. 17 G the 
formation of a cyst can be seen as the cell is rounded up and the double wall is apparent. One 
single M. bovis BCG rod can be seen between the endocyst (green arrow) and the forming 
ectocyst (blue arrow) of a premature cyst (dashed arrow). Noteworthy is Fig. 17 G which shows 
M. bovis BCG bacilli trapped between the double walls of an A. castellanii cyst.
Co-incubation for 4 days of BCG. After 4 days of co-incubation at 20°C on glass slides in PAS 
most of the amoeba detached from the slides as the encystation process progressed. However, 
two different groups of cells could be observed: cells which appear as trophozoites (Fig. 18) and 
cells which show the beginning of the encystation process or are already ftilly encysted (Fig. 19). 
The number of M. bovis BCG bacilli in the amoebas was decreased in comparison to the 2 A co­
incubation. The purple bacilli rods are seen in the central vacuoles of the amoebas as single 
bacilli as in Fig. 18 A and C or as small aggregates (Fig. 18 D and E).
The rods in these photos, for example Fig. 19 C, seem to have lost the clear rod like shape which 
was evident in the previous photos. This might indicate a damage of the bacteria’s cell wall 
which led to a less effective retention of the dye after the application of the acid-alcohol solution.
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Fig. 17: L ight m icro sco p y  p h otograp h s o f  A. c a s te lla n ii  w ith  in ternalized  M  b o v is  B C G  on  g la ss  
s lid es . A fter  a co -in cu b a tio n  period  o f  4  Vi h the s lid e s  w ere  sta in ed  u sin g  the Z ie h l-N e e lse n  
tech n iq u e. Purple rods sh o w  M . b o v is  B C G  (arrow s). M  b o v is  B C G  rod in the form in g  ec to cy s t  
o f  a prem ature cy st (d ash ed  arrow ). T h e a m o eb a s are sta in ed  b lue w ith  m eth y len e  b lue. B lu e  
arrow: e c to cy s t, green  arrow: en d o cy st . T ota l m a g n ifica tio n  xlOOO.
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Fig. 18: L ight m icro sco p y  p h otograp h s o f  A. c a s te lla n ii  w ith  in ternalized  M  b o v is  B C G  on  g la ss  
s lid e s . A fter  a co -in cu b a tio n  period  o f  4  d ays the s lid e s  w ere  sta ined  u sin g  the Z ie h l-N e e lse n  
tech n iq u e. P urple rods sh o w  M . b o v is  B C G  (b lack  arrow s). T h e a m o eb a s are sta in ed  b lu e  w ith  
m eth y len e  b lu e . T otal m a g n ifica tio n  xlOOO.
85
Fig. 19: L ight m ic r o sc o p y  p h otograp h s A. c a s te lla n ii  w ith  in ternalized  M  b o v is  B C G  on  g la ss  
s lid e s . A fter  a co -in cu b a tio n  period  o f  4  d a y s the s lid e s  w ere  sta ined  u sin g  the Z ie h l-N e e lse n  
tech n iq u e. P urple rods sh o w  M . b o v is  B C G  (b lack  arrow s). T h e am oeb as are sta in ed  b lu e  w ith  
m eth y len e  b lu e . F, H and I sh o w  fu lly  en cy sted  am oeb a  w h ereas, G , J and K sh o w  pre-m ature  
cy sts . T ota l m a g n ifica tio n  xlOOO.
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2.7. Discussion
2.8. Survival of M. bovis in protozoa
The survival of Mycobacterium bovis in protozoa has been so far only studied by Taylor et al. 
(2003) and Ahmed (2007). They co-incubated virulent as well as avirulent M. bovis BCG with 
A. castellanii and found that BCG decreased faster than the virulent strain of M. bovis. The major 
difference between these studies and the experiments presented in this thesis is that Taylor et al. 
(2003) and Ahmed (2007) washed the amoeba layer prior to lysis so that trophozoites only were 
lysed whereas, in this thesis the total volume (total lysate), which included not only trophozoites 
but cysts and external bacilli as well, was lysed. This was necessary because a complete 
encystment of the protozoa was expected during the long term incubation and as such a washing 
would have decreased the CFU too rapidly. Another difference is that Taylor et al. (2003) and 
Ahmed (2007) co-incubated M. bovis with A. castellanii for a short period of time, 2 and 3 
weeks, respectively. In this context the comparison between the mentioned studies and the 
results of this thesis can only be discussed for the first 14 days of co-incubation.
The log reduction described in this thesis for BCG in A. castellanii was less than 1 log in the first 
2 weeks, whereas Taylor et al. (2003) observed a reduction by 4 logs. A similar reduction was 
reported by Ahmed (2007) who incubated A. castellanii with M. bovis and BCG at 20°C. This 
effect was not observed in this thesis (about <1 log, in the first 2 weeks) where no significant 
difference was shown between BCG with A. castellanii and in PAS, suggesting that the decrease 
of BCG was linked to the vegetative form of A. castellanii, to the trophozoites. Another 
important observation made by Taylor et al. (2003) was that M. bovis 10772, the virulent strain, 
survived at higher concentrations (less than 1 log reduction) in A. castellanii than M. bovis BCG, 
the avirulent strain. For M. bovis 10772 similar reduction rates were observed in this thesis.
Taylor et al. (2003) suggested that virulent M. bovis survived better in A. castellanii than BCG. 
The comparison with the results of this thesis however, indicate that Taylor et al. (2003) rather 
showed an increased clearing of BCG from the trophozoites but a constant presence of virulent 
M. bovis in trophozoites after 14 days of incubation. Taking together the results of Taylor et al.
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(2003) and the results of this thesis and assuming that the encystment of Acanthamoeba was 
similar in virulent M. bovis and BCG, it can be argued that virulent M. bovis is able to persist in 
Acanthamoeba trophozoites for longer than the avirulent strain M. bovis BCG.
The effect of protozoa might therefore be differentiated in short term effects and long term 
effects:
■ The short term effect is affecting BCG showing that the avirulent strain might not be able 
to persist in A. castellanii as the virulent strains do (for Tetrahymena no comparable data are 
available). The results of the Ziehl-Neelsen stain (chapter 2.5.6, page 51) showed that the 
number of internal BCG clearly decreased after days, supporting this part of the argument. This 
also might explain the fact that no statistical difference could be found between BCG in 
Acanthamoeba and PAS. It can be suggested that this short term effect relates to the location of 
M. bovis in the trophozoites and does not relate to the survival of M. bovis in the presence of 
amoebas cells yet and that the first 2 weeks of co-incubation are a too short period of time to see 
any effect of protozoa on M. bovis.
■ The long term effect might represent the de facto survival of virulent M. bovis after 
interaction with protozoa since the significant differences reported here between virulent 
M. bovis in A. castellanii in comparison with the controls, were observed after long term 
incubation. This clearly shows that the amoebas contribute to the decrease of viability of virulent 
M  bovis. Yet, one can argue that the amoeba might not affect virulent M. bovis directly but 
rather that the effect was due to the simple presence of another micro-organism (the amoebas) in 
the medium. Would this be the case than a significant higher decrease of M. bovis BCG in the 
Acanthamoeba co-incubation would have been expected in comparison with the PAS as shown 
for the virulent M. bovis strains 10772 and 3129. This suggests that the effect of Acanthamoeba 
on virulent M. bovis was not due to the presence of the amoebas in the medium but might have 
been the result of a longer persistence in the trophozoites.
What needs to be considered is that the virulence of M. bovis 10772 somehow enabled the 
bacteria to remain in the amoeba for longer and to avoid being expelled into the medium
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whereas, M. bovis BCG, probably due to its attenuation did not. The attenuation of BCG affected 
the interaction with protozoa as well as resulting in a shorter survival in PAS, as BCG showed 
also a decreased survival in PAS in comparison with the virulent strains of M. bovis in PAS. The 
attenuation of BCG, so the difference between avimlent and virulent M. bovis, has to be 
discussed in context of the interaction with protozoa, the persistence/ non-persistence in protozoa 
as well as the long term survival.
2.9. The attenuation of M. bovis BCG
The attenuation was achieved by continuous in vitro passage of M. bovis which led to deletions 
in the genome of M. bovis. The deletion of the region of difference 1 (RD1) in M. bovis is shared 
by all BCG strains. The RD1 region is found in tuberculous bacteria but also in some 
nontuberculous bacteria, such as M. marinum and M. kansasii but for example not in M. avium 
(van Ingen et al., 2009). The deletion of RD1 was the first event and subsequent further deletions 
of other RDs or other genes lead to four groups of BCG strains (Brosch et al,, 2007). RD1 
deleted from virulent M. tuberculosis and M. bovis resulted in decreased virulence in 
macrophages and mice showing the significance of this genomic region for the virulence of M 
bovis (Hsu et al., 2003). However, RD1 does not fully restore the virulence of BCG showing that 
the attenuation of BCG is not based on one deletion but several changes of the genome. The 
differences between M. tuberculosis and BCG can range from secretory proteins, like the ESAT- 
6/ CFP 10 proteins, to cell wall proteins, lipoproteins and sigma factors (Brosch et al., 2001). In 
one occasion the re-introduction of RD1 into BCG Pasteur resulted in a better survival in 
A. castellanii in comparison with BCG Pasteur (Ahmed, 2007).
How does the attenuation of BCG or the virulence of M. bovis affect the interaction with 
protozoa?
Two important studies might help to clarify this question: the first by van der Wei et al. (2007) 
showed that M. leprae and M. tuberculosis translocate into the cytosol of dendritic cells and that 
this mechanism depends on the ESAT-6/ CFP-10 proteins. M. bovis BCG which does not express
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the ESAT-6/ CFP-10 proteins failed to translocate into the cytosol. A M. tuberculosis mutant for 
the CFP-10 protein also did not enter the cytosol of the dendritic cells and replicated only in the 
phagosome. Additionally, the ESAT-6 mutant was found in the cytosol at a lower rate than the 
M. tuberculosis expressing ESAT-6. The translocation of M. tuberculosis was found to be time 
dependent so that the bacilli were found in the cytosol after 4 days but not after 2 days. The other 
important study, by Hagedorn et al. (2009), showed that M. marinum and M  tuberculosis but not 
M. avium were ejected from Dictyostelium discoideum trophozoites. Furthermore, the study was 
conducted at 25°C, a temperature which excludes the growth of M. tuberculosis. The authors 
could show that both M. marinum and M. tuberculosis translocated/ escaped into the cytosol but 
M. tuberculosis at a lower rate than M. marinum and that the escape depended on the ESAT-6/ 
CFP-10 proteins. Most importantly, they showed that Dictyostelium ejected both M. marinum 
and M. tuberculosis from the cells via an “ejectosom” which is a host dependent mechanism. 
This mechanism of ejection did not lead to a lysis of the protozoan cells. As shown for 
M. tuberculosis (van del* Wei et al., 2007) a M. marinum mutant (deletion of the RD1) showed a 
decreased escape into the cytosol compared to the wild type. Furthermore, ESAT-6 of 
M. marinum has been shown to be involved in the fonning of pores in the membranes of 
macrophages which suggests that this protein plays a role in the translocation from the 
phagosome to the cytosol of phagocytes (Smith et al., 2008). Additionally, pathogenic 
M. kansasii strains have been showed to infect A. castellanii at a higher rate that non pathogenic 
strains (Goy et al., 2007). M. kansasii has been shown to have the ESAT-6/ CFP-10 homologues. 
Where the corresponding genes were found in all strains of M. kansasii, pathogenic as well as 
non pathogenic, the difference between these two was found in the expression level of CFP-10 
but not in ESAT-6. Kinhikar et al. (2010) showed that CFP-10 is found on the cell surface of 
M. tuberculosis in abudance whereas, ESAT-6 only in lower concentration. This can also be 
expected from virulent M. bovis. Although the ESAT-6/ CFP-10 complex is essential for some of 
the virulence of M. tuberculosis and M. bovis, and although both are required for the survival in 
macrophages and the translocation/ escape into the cytosol, it seems like the absence of CFP-10 
rather that of ESAT-6 has a more definitive effect on virulent mycobacteria in host cells.
Taking all this evidence together it can be suggested that in A. castellanii, virulent M  bovis 
might translocate into the cytosol of trophozoites. BCG on the other hand which can not
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translocate/ escape into the cytosol, might rather go a similar pathway as latex beads in 
Acanthamoeba do: they are mostly expelled as non-digestable particles (Stewart and Weisman, 
1972; Weisman and Moore, 1969). That A. castellanii has a similar mechanism to D. discoideum 
and ejects bacilli can only be suspected since actin based mechanisms are widely found and have 
been shown for A. healyi (Baldo et al., 2005). Mycobacteria can also be expelled from 
trophozoites in form of vesicles (Adekambi et al., 2006). These vesicles are likely to represent a 
different mechanism of exocytosis since the mycobacteria are wrapped in several layers of 
membranes when they leave the trophozoites and they are expelled not as single bacilli (as 
shown for the “ejectosome” pathway) but as packs of several bacteria.
The remaining question is why a possibly higher persistence of virulent M. bovis in trophozoites 
affects the long term survival of the bacilli. A reasonable answer might be found in autophagy, a 
mechanism described not only for macrophages but for protozoa such as Acanthamoeba, 
Tetrahymena and Entamoeba as well (Bowers and Korn, 1969; Nilsson, 1984; Picazarri et al.,
2008). Macrophages induce autophagy for example under conditions such as starvation, and this 
mechanism can override the arrest of the phagosome acidification induced by M. tuberculosis. 
This leads to the exposure of M. tuberculosis to acidified autophagosomes and consequently to 
the killing of M. tuberculosis (Gutierrez et al., 2004). Autophagy also is a mechanism which 
occurs prior the encystment of protozoa (Bowers and Korn, 1969; Moon et al. 2009). It can be 
argued that the encystation of A. castellanii and T. pyriformis exposed internalized bacteria to 
autophagy mechanisms and to the effect of phagosomal acidification. Clearly, this did not 
entirely kill M. bovis but rather damaged the bacilli in a way which affected their survival. In the 
following some of the possible reasons will be discussed.
2.10. Long term survival of M. bovis
The long survival of virulent M. bovis in PAS and PBS was unexpected. M. bovis cultures in 
laboratories require regular sub-culturing due to their rapid loss of viability. However, no 
specific literature could be found on this topic. The results of this chapter show a reliable method 
for storage of virulent M. bovis for long periods of time which does not require any specific
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laboratory equipment: in buffer washed cultures, at ambient temperature in a light protected 
environment.
The comparison of the reduction of the virulent M. bovis strains in the protozoa with BCG shows 
that the protozoa contributed to the reduction of the bacilli. The persistence of virulent strains in 
the protozoa might be the actual reason for their decrease. The possible reasons should be 
discussed because although M. bovis is extraordinary resistant it seems the bacilli can be 
compromised by protozoa.
Studies which compared and studied the attenuation of BCG were performed at 37°C, the 
optimum growth temperature of M. bovis. In this thesis the temperature used was 20°C which 
might have some important implications on the survival in protozoa. For a bacterium with a 
narrow range of growth like M. bovis (32°C is the minimum growth temperature, 42°C the 
maximum), 20°C can already be considered a stress factor. Bacteria can adapt to survival to low 
temperatures as they do at high temperatures. Two typical events take place during cold shock: 
the expression of cold shock proteins and the alteration of the cell wall lipids to retain the fluidity 
of the cell wall (Ermolenko and Makhatadze, 2002). M. tuberculosis and M. bovis need to be 
able to adapt to environmental stress as they both are transmitted via the respiratory route and 
exposure to low temperatures is a likely event (Smith & Moss, 1994).
M. smegmatis was shown to express cold shock proteins at 10°C and although the 
mycobacterium did not show growth at this temperature, the RNA and protein synthesis 
increased, indicating that M. smegmatis transferred into a dormancy status (Shires and Steyn, 
2001). The sequencing of the M. bovis genome showed that homologues of the cold shock 
proteins CspA (from E. coli) and CspB (from B. subtilis) exist in M  bovis and a putative protein 
is predicted for BCG (GenBank). M. bovis BCG induces sigma factor F (sigF) during cold shock 
to 4°C (DeMaio et al., 1996) and a mild cold shock from 37°C to about 21°C (room temperature) 
increased the expression of sigma factor I (sigT) in M. tuberculosis. However, sigl is likely to be 
nonfunctional in some BCG strains (for example BCG Pasteur) but present in others, for 
example such as BCG Russia (Brosch et al., 2007). These show that M. bovis and 
M. tuberculosis can respond to low temperatures. A lack of adequate expression of cold shock
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proteins might be one of the reasons why M  bovis BCG survived less long in PAS/ PBS as 
virulent M. bovis did.
M. bovis and M. tuberculosis are considered to rely on the intrinsic resistance of their cell wall in 
order to survive in the environment and outside their hosts. As such the cell wall might be 
subject to alterations when environmental conditions change in order to sustain the fluidity of the 
membrane. The adaptation to changing environmental conditions is vital for the survival of every 
bacterium. The increase or decrease of temperature calls for alterations of the cell wall’s lipid 
composition in order to sustain their fluidity. B. subtilis for example adapts from 37°C to 20°C 
by inserting double bonds in fatty acids which is due to the activity of a desaturase. While the 
disruption of the des gene (encodes the desaturase) does not impair the growth of B. subtilis at 
20°C it significantly affects the survival during the stationary phase (Aguilar et al., 1998). This 
suggests that the alteration of the cell wall is a vital response to environmental stress. A similar 
adaptation of the cell membrane to changed environmental conditions was shown for M  avium, 
M. smegmatis or M. thermoresistible (Archuleta et al., 2005; Kremer et al., 2002; Liu et al., 
1996) but M. tuberculosis seems not to be able to alter the composition of mycolic acids at lower 
temperatures of 20°C (Takayama et al., 1978) and it can be assumed that M. bovis shows a 
similar behaviour. The reason is very likely to be found in the fact that M. avium and 
M. smegmatis are environmental mycobacteria which need to be able to adapt to a different range 
of temperatures and that M. tuberculosis is limited on its host and has a narrow range of growth 
temperatures.
Acyl-ACP desaturases are proteins which are involved in the synthesis of mycolic acids (Dyer et 
al., 2005) and M. tuberculosis induces des A  genes (the genes encoding desaturases) before 
transferring to the state of dormancy and adaptation to the stationary phase (Voskuil et al., 2004). 
BCG Pastern* was shown to have a significantly decreased expression of des A l  and des A3 in 
comparison with the virulent strain M. bovis (Brosch et al., 2007). This might be a further reason 
why BCG showed a decrease survival in PAS/ PBS than virulent M. bovis.
In this context the decreased survival of M. bovis in protozoa and especially in A. castellanii 
becomes clearer: I) the possible lack of change of membrane mycolic acids at 20°C, disabled
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M bovis from adapting the cell wall which might have affected the integrity of the cell coat. And 
II) the active Acanthamoeba cells affected the already compromised wall leading to a decrease of 
viability. Whether this is the case during autophagy as a result of the encystment process, or 
while being internalised in trophozoites is not clear.
2.11. Comparison with other mycobacteria
Although no comparable studies are available at the moment, some conclusions about the effects 
of Acanthamoeba on mycobacteria can be drawn from Archuleta et al. (2002) and Mura et al. 
(2006) hi the first study, the survival of M avium was tested in water at different temperatures 
(4°C to 42°C) and in the second M. avium subsp. paratuberculosis was monitored (by PCR) in 
co-culture with A. polyphaga for up to 6 months (room temperature). The initial concentration of 
M. avium in water (25°C incubation temperature) was 107 and after a slight decrease of less than 
1 log in the first 10 days, the concentration of M avium bacilli did not change dining the 
following 3 months showing constant 106 CFU throughout the incubation. The results of Mura et 
al. (2006) showed a decrease of about 2 log for one of the M. avium subsp. paratuberculosis 
strains after 2 Vz months of co-incubation with A. polyphaga and increased afterwards again. This 
increase might be due to growth of the mycobacteria at room temperature. However, even if the 
conditions of these two studies were somehow different, they share the same temperature range, 
ambient temperature, as well as a similar mycobacterial species. The combination of them 
suggests that the effect of Acanthatnoeba on mycobacteria is not restricted to M. bovis but might 
be also a result of some shared characteristic among Mycobacterium species which are 
independent from the ESAT-6/ CFP-10 complex.
2.12. Comparison of survival rates of M. bovis in A. castellanii and T. pyriformis
A. castellanii and T. pyriformis are two protozoa which differ in several characteristics. 
A. castellanii trophozoites tend to attach to a matrix (soil particles, surfaces, organic matter), 
whereas T. pyriformis are very motile ciliates. A. castellanii grazes on food bacteria but 
T pyriformis filters particles from the medium. These characteristics might have some
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implications on the results presented in this chapter. For the killing of external mycobacteria 
amikacin was added (Taylor 2003, Cirillo et al., 1997) and in case of the amoeba the monolayers 
were easily washed with PAS. Amikacin was also added to the Tetrahymena cells and due to the 
motility of their cells a centrifugation step was applied in order to remove the majority of 
external M. bovis bacilli. Since M. bovis bacilli are very hydrophobic, and tend to form clumps 
when suspended in a detergent free solution, it cannot be ruled out that a proportion of the 
M. bovis inoculum was still present in form of clumps in the pellet after the centrifugation step 
and therefore influenced the results. The goodness of fit for the linear regressions for 
T. pyriformis incubated M. bovis strains was not as good as in the A. castellanii incubated 
samples, supporting the idea that non-internalized M  bovis bacilli might not have been 
completely separated from the protozoa.
Additionally, A. castellanii grazes on bacteria but T. pyriformis is a filter feeder and M. bovis is 
not motile and settles on the bottom of flasks when left untouched. A. castellanii therefore came 
more readily in contact with M  bovis bacilli and very likely clumps as well, whereas 
T pyriformis filtered single cells or small groups of bacteria which sediment slower then clumpy 
M. bovis aggregates. Adekambi et al. (2006) for example who incubated A. polyphaga with non­
tuberculous mycobacteria centrifuged the well plates before the 2 h period of co-incubation, 
forcing the mycobacteria onto the amoeba. The authors pre-incubated the amoeba layer at 33°C 
for several days in PAS which veiy probably decreased the phagocytosis rate of the amoeba, 
making the centrifugation step necessary.
The results indicate that A. castellanii and T. pyriformis exhibit different cellular mechanisms 
after the ingestion of M. bovis. Striking is the longer survival of BCG in T. pyriformis than in 
PBS which might indicate a protection of BCG from the effects of long term storage in PBS. 
Whether BCG was protected because it was possibly incorporated in cysts or whether 
T. pyriformis had a positive influence on the medium (PBS) is not known. Tetrahymena spp. co- 
incubated with Salmonella enterica expelled viable Salmonella bacteria in pellets and the 
bacteria were protected in these faecal pellets from the effect of chlorine (2ppm calcium 
hypochlorite). Salmonella also survived for longer in these pellets than in free medium (Brandi et 
al., 2005). Incorporation into vesicles might have improved the survival of BCG in PBS. Virulent
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M. bovis could have also been wrapped in faecal vesicles but since these strains are not 
attenuated a possibly positive effect could have not been observed.
There is some evidence that Acanthamoeba deals differently with intracellular pathogens than 
Tetrahymena does. L. monocytogenes escapes the phagosome and multiplies in the cytosol of 
mammalian cells (Portnoy et al., 2002). Acanthamoeba however, can kill L. monocytogenes and 
an inhibition of the phagosome acidification increased the survival of the bacterium (Akya et al,
2009). Results obtained with Tetrahymena and L. monocytogenes are partly controversial: Brandi 
et al. (2005) showed that their L. monocytogenes strain was digested by a Tetrahymena 
environmental isolate, whereas Pushkareva and Ermolaeva (2010) showed that L. monocytogenes 
not only survived in T. pyriformis but also induced encystment and that listeriolysin (major 
virulence factor of L. monocytogenes) plays a role in this effect. The differences between the 
studies might be simply due to differences of bacteria and ciliate strains. What this shows is that 
different protozoa species have different mechanisms to respond to internal pathogens.
The linear regressions of the virulent strains of M. bovis in T. pyriformis were not significant 
different from the controls but were statistically different between M. bovis BCG in T. pyriformis 
and the control in PBS. The proposed short term effect in A. castellanii might be different in 
T. pyriformis, in a sense that BCG bacilli are retained in the cells at a higher rate and possibly 
expelled in protective pellets or in cysts. The factors affecting the long term survival of virulent 
M. bovis in A. castellanii might not be present in T. pyriformis explaining the lack of significance 
between samples and controls for the virulent strains.
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2.13. Conclusions
The long term survival of M. bovis in A. castellanii and T. pyriformis was studied. The results 
indicated that:
1. The comparison of the results presented in this chapter with published data indicates that 
the attenuation of M. bovis BCG plays a role in the interaction with protozoa. It can be 
suggested that virulent M. bovis is able to persist in protozoa longer than the avirulent 
strain M. bovis BCG.
2. The interaction of virulent M. bovis with Acanthamoeba had a negative effect on the 
viability of the bacilli which might be due to compromised cell wall integrity of M. bovis 
possibly paired with the autophagy mechanism of the protozoa.
3. A. castellanii and T. pyriformis are two different protozoa and they also differ in their 
interaction with mycobacteria. A. castellanii had a greater negative effect on M. bovis 
than T. pyriformis.
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3. Chapter 3: Effect of hypochlorous acid and desiccation on
A. castellanii cysts infected with M, bovis
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3.1. Introduction
The inactivation of pathogens, which simply describes the loss of viability of pathogenic 
microorganisms, is an important step towards the eradication of diseases. Disinfection is the 
inactivation or reduction of viable cells of microorganisms due to the application of chemical, 
physical or biological means and methods. Chemical disinfection is defined as the inactivation 
by chemical compounds such as acids or alkaline solutions which chemically react with one or 
more parts of the microorganism. Chemical disinfection leads to denaturation of proteins or the 
destruction of the lipid membranes. Physical methods include increased temperature (thermal 
inactivation, autoclaving), increased pressure, radiation for example by UV or y-radiation or the 
dehydration of cells. Biological methods include the use of enzymes to destroy the cell 
membranes of microorganisms. Chlorination is one possibility to inactivate mycobacteria. Like 
bacterial spores of Bacillus and Clostridium, mycobacteria are considered as being very resistant 
to chlorination due to their waxy cell wall.
The uptake and the survival of pathogenic bacteria in protozoa especially in Acanthamoeba 
species have been shown and L. pneumophila in particular was studied intensively in the last 
decades. The life cycle of protozoa consists of two stages, the trophozoite and the cyst, the 
dormant form which enables the protozoa to survive harsh environmental conditions. It also has 
been shown that the bacteria which have been taken up by the trophozoite can be found in the 
cysts after the protozoa encysted (Adekambi et al., 2006, Kilvington and Price, 1990). Whether 
the uptake of M  bovis by A. castellanii followed by their encystation may protect these 
mycobacteria from the stress of chlorination and desiccation is not known.
3.1.1. Chemistry of chlorination
Many chlorine releasing agents are available but most common are chlorine gas, sodium 
hypochlorite and calcium hypochlorite, chlorine dioxide and sodium dichloroisocyanurate. All of 
these release HOC1 and "OC1 when mixed with water (White, 1992). Sodium hypochlorite 
(NaOCl) is the most used compound for disinfection especially for the disinfection of water. It
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was first sold in the early 19th century as a disinfectant but it was only after the First World War 
that it was widely used for disinfection. Sodium dichloroisocyanurate (NaDCC) is considered an 
alternative to NaOCl mainly due to its higher stability in aqueous solutions but also because of 
its convenience of use and safety (Clasen and Edmondson, 2006). Both compounds, NaOCl and 
NaDCC release free available chlorine (FAC) when mixed with water. The result is in both cases 
hypochlorous acid (HOC1) which shows microbicidal properties. HOC1 dissociates in water to 
H+ and OC1 (hypochlorite ion) which is electrically charged and acts as a microbicidal agent 
only on the surface of microorganisms. In comparison to ~OCl, HOC1 is neutrally charged which 
enables it to penetrate the cell membrane and to react with intracellular cell compounds. 
However, there are major differences in the way NaDCC and NaOCl react when dispersed in 
water. While NaOCl releases all its HOC1 in a water solution in one go, NaDCC shows an 
equilibrium between FAC and combined chlorine which exists in form of chlorinated 
isocyanurate. If the FAC is used up by, for example organic compounds or chemicals, new FAC 
can be released from the isocyanurated form of NaDCC (depot or reservoir chlorine) so that the 
equilibrium is restored and HOC1 is available again (Connell, 2002).
3.1.2. Mechanism of inactivation by hypochlorous acid
The reactions of hypochlorous acid, which act as an oxidant, with singular components of the 
bacterial cell are documented: reaction of hypochlorous acid with unsaturated fatty acids which 
leads to the formation of chlorohydrins; compounds which bind a chlorine molecule and a 
hydroxyl group at neighbouring carbon atoms; the formation of chlorohydrins can increase the 
permeability of cell membranes; inactivation of enzymes which contain sulfhydryl groups by 
oxidation leading to the formation of disulfide bonds; reaction with amino acids to form 
chloroamines (White, 1992; Connell, 2002).
When disinfectants are applied on bacteria, the cell wall is the first component which comes in 
contact with the disinfectant. The cell wall of mycobacteria features a high content of lipids 
which makes it a very hydrophobic barrier to water soluble compounds. However, mycobacteria 
have been shown to have porins in their cell membrane. These porins are likely to be the entry
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point for hypochlorous acid which then targets the cytoplasmic membrane and cellular 
compounds (Le Dantec et al., 2002; Taylor et al., 2000). The mechanism, by which hypochlorous 
acid acts as a disinfectant on mycobacteria is not known.
3.1.3. Mechanism of mycobacterial resistance to chlorination
The mechanisms of bacterial resistance to disinfectants can be grouped in intrinsic and acquired 
mechanisms. Acquired mechanisms are characterised by mutations, plasmids or transposons as a 
result of selective pressure on the bacteria. These mechanisms lead to an increase of efflux of the 
biocidal agent, more efficient degradation of the disinfectant or to cell wall changes which then 
result in decreased influx of the biocide. Intrinsic mechanisms include reduced uptake due to a 
reduced permeability of the cell membrane or the enzymatic degradation of the biocidal 
compound by the cells. Another mechanism is phenotypic adaptation which involves the 
formation of biofilms or the alteration of phenotype due to a lack of nutrients or oxygen leading 
to a decrease of susceptibility to the biocide (King et al., 1988).
In case of Mycobacterium spp. the impermeability of the mycobacterial wall acts a mechanical 
barrier when the cells come in contact with chlorine releasing agents. The waxy coat of the 
mycobacteria is highly hydrophobic which means that hydrophilic molecules like HOC1 can not 
easily penetrate the cell wall. From nontuberculous mycobacteria it is known that an altered 
phenotype as a result of starvation increases the resistance to chlorine and that more hydrophobic 
cells show a lower susceptibility to HOC1 (Griffiths et al., 1998).
3.1.4. Inactivation of Mycobacterium spp. by hypochlorous acid
Opportunistic mycobacteria, like M. avium or M avium- intracellulare, as well as other 
environmental mycobacteria are able to cause severe infection in humans. Their reduction and 
inactivation is an important task towards the prevention and the eradication of Mycobacterium 
infections. The application of chlorine-releasing agents is a common method for the inactivation 
of mycobacteria. Under realistic circumstances mycobacteria occur in presence of organic
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contaminants which decrease the efficacy of the disinfection. Therefore studies which examined 
the inactivation of mycobacteria tested the disinfectant under clean conditions as well as in the 
presence of an organic load. Due to the highly infectious nature and the severity of the disease, 
high levels of disinfection are required for tuberculous mycobacteria. The aim is to reach a high 
efficacy which means to inactivate as many mycobacteria as possible in a short period of time. 
However, the reported efficacy of chlorine-releasing varies between the publications.
The Ct concept25 is often used when deactivation models for pathogens are established. The 
obtained Ct values describe the concentration required for say a 3 log reduction (99.9%) after a 
certain contact time. Nontuberculous mycobacteria have been found to be very resistant to 
chlorination, like M. avium strains showing Ct values of 50 to 204 and M. chelonei and 
M. fortuitum values of 100 and 135 (Best et al., 1988). That means that for example M. chelonei 
can be reduced by 3 log in one min when treated with 100 ppm HOC1. In comparison coliforms 
like E. coli and Klebsiella pneumoniae for example are deactivated (5 log) by 1 ppm in 1 min 
(Githui et al., 2007).
Nontuberculous mycobacteria like M. avium- intracellulare show a higher resistance against 
chlorination than tuberculous mycobacteria. 1000 ppm NaDCC reduced M. tuberculosis within 1 
min by more than 5 Log out of the initial 108 CFU but M. avium- intracellulare was only 
reduced by 0.01 Log under the same conditions. The addition of horse serum as an organic load 
reduced the reduction level of M. tuberculosis from more than 5 log to 1 Log reduction. The 
application of 10,000 ppm clearly inactivated all tested mycobacteria by at least 5 Log (Rutala et 
al., 1991). Best et al. (1990) showed that the application of 6,000 ppm NaDCC reduced M. 
tuberculosis only by 4 log within 1 min. They also applied NaOCl at concentration of 6,000 and 
10,000 ppm and found that M. tuberculosis was reduced by 2 log and 3 log, respectively. 
Interestingly, the addition of sputum did not alter the results. The inactivation of M  tuberculosis 
is an important issue when sputum smears are due to be screened. Bleach is often used as a 
decontamination procedure for the samples. In this context (Githui et al., 2007) showed that the 
treatment of smear positive sputum samples with 3.5 % and 5.0 % bleach did not entirely 
inactivate M. tuberculosis. At the lower concentration a better reduction of mycobacteria was
25 product o f the concentration o f  the disinfectant and contact time: ppm (mg per litre) per minute
102
achieved in the first 3 h of treatment than with the higher concentration. The application of 2.5 % 
completely deactivated M. tuberculosis after 15 h and 24 h but showed almost no effect in the 
first 15 min. While research focused mainly on the inactivation of M. tuberculosis, little research 
was done concerning the inactivation of M  bovis. Household bleach, diluted to 100 ppm showed 
no inactivating effect on virulent M. bovis and only 9 out of 10 replicates, initial CFU being 105, 
were completely inactivated when 1000 ppm were tested for 20 min (Jarroll et al., 1981). The 
attenuated M. bovis strain, BCG however, was completely inactivated after 10 min exposure to 
500 ppm hypochlorite (Ascenzi et a l, 1987).
3.1.5. Inactivation of protozoan cysts by hypochlorous acid
The fact that pathogenic bacteria are able to multiply in protozoa lead naturally to the question 
whether encysted protozoa which contain these bacteria in their cellular bodies provide some 
source of protection against environmental stress or disinfectants. Despite the numerous research 
projects dealing with the survival and the growth of pathogens in protozoa only few papers have 
been published which describe the protective effect of protozoan cysts on pathogenic bacteria.
Cysts are dormant forms of protozoa which enables them to survive hostile environments. 
Acanthamoeba cysts have a double wall which protects them not only against environmental 
stress but also against the action of disinfectants (Turner et al., 2000).
Because Acanthamoeba species are known to cause eye infections in contact lens users much 
research concerning the usability of disinfectants against Acanthamoeba have been done with 
contact lens solutions which do not contain chlorine. However, some papers describe the 
inactivation effect of chlorine on Acanthamoeba. Dejonckheere and Vandevoorde (1976) tested 
cysts of two Acanthamoeba strains against sodium hypochlorite. For one of the Acanthamoeba 
strains, A. culbertsoni A-l the authors reported that the cysts were first deactivated at 40 ppm 
after 24 h contact time. The other strain, Acanthamoeba sp. 4A showed after 1 h and 16 ppm the 
first non-viable cysts. A study by Khunkitti et al. (1996) showed that 100 ppm NaDCC and three 
hours of incubation were sufficient to kill A. castellanii cysts. As a comparison, the cysts of 
Giardia, a protozoan pathogen which relies on transmission via the cyst form, can be deactivated
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up to 99.8% with 6 ppm NaOCl after 30 min contact time and at 20°C (Jarroll et al., 1980). The 
same authors reported that the deactivation of Giardia lambia is temperature dependent so that 
the higher the temperature the lower the NaOCl concentration required to kill Giardia cysts. In 
this context they showed the inactivation of Giardia cysts can be achieved with 1 ppm at 25°C 
after 10 min. A more recently discovered pathogenic amoeba, Balamuthia mandrillaris whose 
cysts have a triple wall, has been showed to remain viable at 25 ppm NaOCl at room temperature 
for 1 h (Siddiqui et al., 2008).
Most publications concern the resistance of Legionella to disinfectants while being within 
trophozoites or the amoeba cysts. L. pneumophila has been found to be sensitive to 0.4 ppm 
NaOCl (Domingue et al., 1988) and 6.6 ppm CaOCl (Skaliy et al., 1980). Kilvington and Price 
(1990) produced protozoan cysts by incubating A. polyphaga with L. pneumophila. These cysts 
which contained L. pneumophila were then tested against sodium hypochlorite (NaOCl) at 
concentrations ranging from 2 ppm to 100 ppm with a contact time of 18 h at 25°C. They found 
that L. pneumophila was able to grow after excystment of the amoeba after these were treated 
with 50 ppm NaOCl. The minimal cysticidal concentration (MCC) was found to be 75 ppm. A 
similar study was published by Storey et al. (2004) who investigated the inactivation of 
L. pneumophila after interaction with two strains o f Acanthamoeba. One of their results indicated 
that Acanthamoeba cysts were resistant to 100 ppm for 10 min contact time.
Adekambi et al. (2006) co-incubated A. polyphaga and Mycobacterium spp. and tested the cysts, 
which they showed to contain the mycobacteria, against sodium hypochlorite. The tested 
mycobacteria could be inactivated with 15 ppm NaOCl after 24 h but remained viable at the 
same concentration and contact time within A. polyphaga cysts.
3.1.6. Desiccation
Where some research was done on the disinfection of mycobacteria using hypochlorous acid, 
little could be found on the inactivation due to desiccation. Archuleta et al. (2002) dried species 
of the M. avium complex on cover slips and stored these at 25°C. The authors report that the
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mycobacteria showed a rapid decline with loss of viability of half-life of 2.3 days. The storage 
and production of BCG vaccines does deliver some other clues. Wong et al. (2007) used a spray 
dryer (sprayed liquids are rapidly dehydrated in 40°C warm air) to dehydrate M. smegmatis and 
M. bovis BCG Danish and tested their viability during storage at 25°C and 60% relative 
humidity. Both mycobacteria species decreased by about 3 log in 2 months. However, one aim in 
the production of BCG vaccines is to seek for adequate methods for the quick dehydration of 
BCG while maintaining high cell viability. This shows the extraordinary ability of mycobacteria 
to survive desiccation. As a comparison, Staphylococcus aureus survived desiccation on glass 
surfaces (75% relative humidity) and 15°C for about 2 months whereas, at 25°C S. aureus 
survived only for about 3 weeks (McEldowney and Fletcher, 1988). However, on cotton material 
and at room temperature S. aureus decreases by about 3 log in 3 months (Rountree, 1963). 
M. bovis BCG was reported to decrease by 1 log in 7 days when incubated at room temperature 
in cotton lint (Hirai, 1991). Sucrose and trehalose are molecules which protect bacteria during 
dehydration and the cell membrane of all mycobacteria contain trehalose. The trehalose 6’6- 
dimycolate of M. tuberculosis was suggested to be important in the survival of M. tuberculosis 
under desiccative conditions (Harland et al., 2008).
Cysts of Acanthamoeba are also resistant to desiccation. Dried on filter paper at 30°C and stored 
at room temperature, the cysts remained viable for 1 year (Pens and Rott, 2008), for at least 1 
year at temperatures from -10°C to 15°C when stored on non-nutrient agar (Biddick et al., 1984) 
and at least 2 decades when stored in water or desiccated agar plates (Mazur et al., 1995).
It has been hypothesised that bacteria which have been incorporated into Acanthamoeba cysts 
can be protected from desiccation. That however, is not known and no specific literature could 
be found.
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3.2. Chapter aims
The aims of this chapter 3 are as follows:
1. To determine whether M. bovis bacilli internalised in A. castellanii cysts are protected 
from the effects of NaOCl and NaDCC.
2. To determine whether M. bovis bacilli internalised in A. castellanii cysts are protected 
from the effects of desiccation.
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3.3. Materials and Methods
The list of cultures, media and material can be found in Appendix 8: Materials (page 230).
3.3.1. Production of A. castellanii cysts infected with M. bovis
M. bovis culture. The three M. bovis strains used (NCTC 10772); 3129 (spoligotype 35) and 
7926 (spoligotype 15) were sub-cultured in 95 ml of 7H9 medium using 2ml of a logarithmic 
phase M. bovis culture to inoculate the new medium. The flasks were incubated in a shaker (160 
rpm) for 7-10 days at 37°C. For the control experiments the three M. bovis strains used, NCTC 
10772, 3129 and 7926 were sub-cultured in 50 ml of 7H9 medium using 1 ml of logarithmic 
phase M  bovis culture to inoculate the new medium. The flasks were incubated in a shaker (160 
rpm) for 7-10 days at 37°C. From each of these cultures 10 ml were centrifuged for 10 min at 
3700 x g and the pellet resuspended in 10 ml of PAS.
A. castellanii culture. A. castellanii was sub-cultured in 750 ml sterile and ventilated tissue 
culture flasks containing 50 ml of PPG medium. From a logarithmic phase A. castellanii culture 
2 ml were used to inoculate this new medium. The flasks were incubated for 5 days at 25°C. The 
cultures were checked using the light microscope and only used if the cells were in the 
exponential growth phase.
Procedure of encystation and washing of A. castellanii cysts. For each of the M. bovis strains 
four A. castellanii flasks were grown as described previously. The A. castellanii layer was 
washed twice with PAS and 25ml of the M. bovis culture was added26. The flasks were incubated 
at 20°C for 2 hours after which the supernatant was removed and the layer washed at least 3 
times with PAS until the PAS was clear of visible M. bovis clumps. Amikacin was added 
(100 fig/ ml in PAS) and incubated for 2 hours at room temperature. After a final washing step 
with PAS the flasks were then incubated at 20°C for 3 to 4 weeks to ensure complete
26 The concentration o f  M. bovis 106 to 107/  ml and o f  the amoebas was 105/ ml. For counting methods see Material 
and Methods, chapter 2.
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encystation. Counting of cysts was not possible. This would have required the use of a light 
microscope in a running category two safety cabinet which means the vibrations of the air flow 
would not have allowed any use of the microscope.
After the encystation period the supernatant was centrifuged for 10 min at 3700 x g and the pellet 
resuspended in 20ml of amikacin solution (100 pg/ ml in PAS) and incubated for 2 hours at room 
temperature. After another centrifugation step for 10 min at 3700 x g the pellet was resuspended 
in 10ml of PAS and immediately used for the following experiments.
3.3.2. Deactivation of M. bovis by hypochlorous acid
A determination of initial CFU from each A. castellanii cysts preparation and each M. bovis 
washed culture were used as time points 0 (T0). The cysts were lysed by passing them three times 
through a 27G blunted needle in a 0.5% SDS solution and like the M. bovis culture serially 
diluted in 7H9 and plated on 7H11 agarose medium.
Procedure. A scheme of the experiment is shown in
Fig. 20. From each cyst preparation and each washed M. bovis culture 1ml were mixed with 1ml 
of the disinfectant solution as well as the control solution to reach end-concentrations of 50 and 
100 ppm NaDCC and NaOCl. After the designated incubation times of 10 min, 4 and 24 hours, 
250pl were removed and mixed with 250pl of a thiosulfate solution (0.5% end concentration) 
which neutralized the active components of NaDCC and NaOCl. For the neutralization the 
samples were incubated for 5 min at room temperature. Washed M. bovis cells were used as 
control experiments.
For lysing the A. castellanii cysts SDS was added to the neutralized sample to reach an end- 
concentration of 0.5% and the entire volume was passed three times through a 27G blunt needle. 
The control experiment with washed M. bovis was treated in the same way. All samples were 
serially diluted in 7H9 and plated on 7H11 agar medium. After 4 weeks of incubation at 37°C 
the colonies were counted and the CFU/ ml calculated.
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Fig. 20: Experimental approach for testing of M. 6ov/s-containing A. castellanii cysts against 
NaDCC and NaOCl. M. bovis was incubated with A. castellanii for the production of amoeba 
cysts which were washed and incubated with NaDCC and NaOCl for up to 24 h. In total, three 
batches of cysts were produced at intervals of weeks and each batch was simultaneously tested 
with NaDCC and NaOCl. For each batch of tested amoeba cysts a new control was made and 
tested under the same conditions.
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3.3.3. Tested set ups for the desiccation experiments
The effect of desiccation of M. &om-containing cysts has not been investigated yet. Therefore, 
some preliminary experiments were conducted in order to find an appropriate set up for these 
experiments. Due to the virulence of M. bovis attention was paid that the tested desiccation 
system was safe to use without the risk of contamination and spillage.
Firstly, an appropriate desiccation environment was tested. Three systems were used: 1) calcium 
chloride (CaCl2) filled disposal jars, 2) disposal jars filled with bentonite and 3) room conditions 
without any further modifications. Secondly, for safe handling of M. bovis and potentially 
M 6ora-containing cysts the following set ups were tested: 1) disposable 15 ml glass bottles 
were filled with glass beads (1mm) or sand and sealed with an adhesive autoclavable gas 
permeable membrane (for desiccation) or a plastic lid (non desiccative conditions) and 2) the 
same system but with foam stoppers instead of the adhesive membrane. These 15 ml glass bottles 
were placed in the CaCl2, bentonite filled jars as well as in jars exposed to room conditions. As 
an alternative to glass bottles, sterile tissue culture flasks (25mm2) were tested under room 
conditions only. Washed M. bovis bacteria were added using blunt needles. For the recovery of 
the bacilli water supplemented with Tween®80 (0.5%) was used to wash the glass beads or the 
sand in order to recover M. bovis. This procedure also required the used of blunt needles. In case 
of the tissue culture flasks the use of 1 ml pipette tips proved to be sufficient. The dessication 
(loss of volume) was measured by weighting the bottles or flasks before and after dessication.
3.3.4. Deactivation of M. bovis by desiccation
The preparation of A. castellanii cysts which contain M. bovis was performed in the same way as 
described in chapter 3.3.1 page 106. The A. castellanii and M. bovis strains were grown and 
washed as described in chapter 3,3.1 page 106. Washed M. bovis cells were used as control 
experiments.
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Procedure. The experimental procedure is shown in Fig. 21. Per flask 1 ml of each, M. bovis 
culture control and cysts suspension, was carefully poured in the corresponding flasks. At each 
of the designated time points CFzwccks, T4Wceks, Tgweeks and T]0 weeks) the flasks were weighed again 
and the loss of volume was calculated. The lost volume was replaced with distilled water and 
lml of SDS (1%) was added. After most of the fluid evaporated from the vented flasks the 
bacteria as well as the cysts were attached to the bottom of the flasks and visible as a white layer. 
This layer was carefully washed off by pipetting to make sure that the attached bacteria and cysts 
were resuspended again. From each sample as well as controls lml was removed and passed 
three times through a 27G blunt needle. All samples were serially diluted in 7H9 and plated on 
7H11 agar medium. After 4 weeks of incubation at 37°C the colonies were counted and the CFU/ 
ml calculated.
3.3.5. Methods of analysis
The data were analysed as follows:
■ The factor between M. bovis in A. castellanii and the controls was calculated at NO 
(M bovis in control/ M. bovis in amoeba). This factor was then multiplied with the CFU/ 
ml counts and these transformed into logarithms (as described in chapter chapter 2.5.6, 
page 51).
■ The log reduction rates were calculated as described in chapter chapter 2.5,6 (page 51).
■ The protective effect was calculated by calculating the difference between M. bovis (in 
log) in the control (MbC) and the M bovis (in log) in the cyst treatment (MbAc): (MbC - 
MbAc).
■ The mean of the data, the standard deviation as well as percentages (for the desiccation 
experiments) were calculated using Microsoft Excel.
■ GraphPad Prism 5.0 was used to generate the graphs and to perform Student’s t-test.
I l l
M. bovis cells 
grown in 7H9 
for 10 days
Washing and 
centrifugation 
of M. bovis cells
V
Controls
(flasks with no vent)
Desiccation 
(flasks with vent)
A l
©
Cysts production: 
co-incubation of 
M. bovis
and A. castellanii for 
3 to 4 weeks
V/
Washing and 
centrifugation of cysts
Treatment with 
amikacin
Hnlh KhTfc
Controls Desiccation
(flasks with no vent) (flasks with vent)
For samples (T2w<-k, to T10.Tt<lcj') single flasks were removed and processed
Sample preparation:
1. Re-adjusting of volume to 1 ml
2. SDS added for lysis of cysts + 27G blunt needle
3. Plating on 7H11
Fig. 21: Experimental approach for testing M. 6ov/s-containing A. castellanii cysts against 
desiccation. Amoeba cysts containing M. bovis and washed M. bovis were placed in vented and 
non-vented (controls) tissue culture flasks and incubated for up to 10 weeks at 20°C under 
ambient humidity. Two batches of cysts were produced at intervals of weeks and for each batch a 
fresh M. bovis culture was inoculated to serve as a control.
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3.4. Results
Three M. bovis strains, 10772, 3129 and 7926, were co-incubated with A. castellanii for 3 to 4 
weeks in order for the amoeba to form cysts which contained M. bovis. Firstly the cysts were 
tested against two hypochlorous acid releasing agents, NaOCl and NaDCC, and secondly the 
cysts were exposed to dehydrating conditions. M. bovis cultures were used as controls. In case of 
the desiccation experiments non-vented flask were used as additional controls. In this chapter the 
results of the chlorination experiment will be described first (chapter 3.4.1) and in the results of 
the desiccation experiment in chapter 3.4.2 (page 122).
3.4.1. Results: Stress factor chlorine
Three experiments were performed, each with different batches of cysts. The two disinfectants 
were tested at the same time on each batch. Therefore the results are presented in groups 
designed as experiments 1 to 3 which correspond to batches of cysts 1 to 3. In order to analyse 
the results, the means and standard deviations (SD) were calculated and the Student’s t-test was 
performed. The results showed a high level of variation which is expressed in high SD values. 
Several trends which were obseived are presented and analysed in this section.
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The reduction rates were calculated for each time point, 10 min, 4 h and 24 h, for NaOCl as well 
as for NaDCC for each triplicate. The results of the triplicates were averaged and the standard 
deviation (STDEV) calculated. In some of the experiments no colonies could be counted after 
the chlorine treatment so that the reduction rate is described as equal to or greater than (>) the 
initial CFU used in the experiment (IN) indicating that the chlorine reduced M. bovis below the 
limit of detection (LOD). Therefore, the average and STDEV calculated for these experiments 
represent minimal estimates and are marked as such in the tables.
Reduction rates after 10 min of chlorine treatment. The reduction rates, means and 
corresponding standard deviations for all three M. bovis strains after treatment with NaOCl for 
10 min are presented in Tab. 9 and for NaDCC in Tab. 10. High standard deviation values 
indicate a high variation between the three replicates. The reduction rates show that the treatment 
with chorine clearly affected M. bovis in both cases, in the controls as well as in cysts. However, 
the results do not clearly show that M. bovis in controls (MbC) was more resistant against 
chlorine than M. bovis in cysts (MbAc) or vice versa. For example the reduction rate for M. bovis 
strain 10772 under the same conditions in the control after exposure to 100 ppm NaOCl in the 
first experiment was 3.51 but -0.39 in the cysts. In experiments 2 and 3 however, the MbAc 
showed a higher reduction than MbC: 3.92 and > 7.07 in comparison with 2.81 and 1.64.
Similarly inconclusive were the results for M, bovis strains 3129 and 7926. hi the first 
experiment strain MbAc 3129 was reduced below the limit of detection, indicated in Tab. 9 as 
>7.11 which means that NaOCl reduced M. bovis 3129 by 7.11 or more within 10 min. In 
comparison to that the reduction rate for MbC 3129 was 3.56 and 3.22 after treatment with 50 
ppm and 100 ppm NaOCl respectively. In the second experiment no such difference was 
observed: the bacilli in the control showed under comparable condition a ~1 log higher reduction 
than the bacilli in the cysts. Like in the first experiment, in the third experiment MbAc 3129 was 
reduced by > 7.29 log with 50 and 100 ppm whereas MbC was reduced by 0.64 and 1.19 log, 
respectively.
3.4.1!. Reduction rates of M. bovis controls and M. bovis in A. castellanii cysts
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M. bovis strain 7926 did not show reduction rates below the limit of detection in the first 10 min 
of treatment with chlorine. However, the reduction rates for MbC 7926 after exposure to 
100 ppm NaOCl showed to be as high as up to 4.47 in the first experiment and up to 5.12 in the 
second experiment. In comparison, MbAc 7926 was reduced by 3.40 in the first experiment and 
4.43 in the second experiment. In the third experiment M. bovis 7926 in cysts showed a higher 
reduction, 3.30 log at 100 ppm NaOCl, than in the corresponding controls with 1.68 under the 
same conditions. This illustrates that M. bovis strain 7926 showed similar variations within the 
reduction rates as M. bovis strain 10772 and 3129.
In comparison with NaOCl the reduction rates after treatment with NaDCC (Tab. 10) show that 
M. bovis was in general less sensitive to NaDCC in the first 10 min than it was to NaOCl in the 
same period of time. None of the M. bovis strains, neither in the controls nor in the cysts, was 
reduced below the limit of detection. The reduction rates after incubation with NaDCC and 
NaOCl can be compared as each batch of infected cysts was simultaneously exposed to NaOCl 
and NaDCC (see materials and methods). Looking at the reduction rates in Tab. 10 it becomes 
obvious that NaOCl reduced M. bovis 10772 and 3129 in cysts by at least 7 log, whereas NaDCC 
reduced M. bovis 10772 and 3129 under the same conditions by ~4 log.
The reduction rates with NaDCC showed to be as inconsistent as the reduction rates after NaOCl 
exposure. The variation between the three experiments being high and the results do not indicate 
whether M. bovis in cysts was more resistant or less resistant to NaDCC than in the 
corresponding controls.
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______________________ Reduction rate [Log (N 0 min/ N 10 min)1______________________
Tab. 9: Reduction rates for M. bovis 10772, 3129 and 7926 in cysts as well as the control
experiments after treatment with NaOCl for 10 min.
NaOCl
(ppm) 1
Experiment 
2 3 Average STDEV
0 M. bovis 10772 (control) -1.19 -0.14 -0.65 -0.66 0.53
50 M. bovis 10772 (control) 3.53 0.31 0.99 1.61 1.70
100 M. bovis 10772 (control) 3.51 2.81 1.64 2.65 0.95
0 M. bovis 10772 (cysts) 0.08 -0.71 -0.55 -0.39 0.42
50 M. bovis 10772 (cysts) -0.37 3.14 >7.07 (3.28)* (3.72)*
100 M. bovis 10772 (cysts) -0.39 3.92 >7.07 (3.53)* (3.74)*
0 M. bovis 3129 (control) -0.29 -0.68 -0.77 -0.58 0.26
50 M. bovis 3129 (control) 3.56 2.52 0.64 2.24 1.48
100 M. bovis 3129 (control) 3.22 3.18 1.19 2.53 1.16
0 M. bovis 3129 (cysts) 0.60 0.46 -0.70 0.12 0.71
50 M. bovis 3129 (cysts) >7.11 1.30 >7.29 (5.23)* (3.41)*
100 M, bovis 3129 (cysts) >7.11 2.23 >7.29 (5.54)* (2.87)*
0 M. bovis 7926 (control) -0.38 -0.71 -0.61 -0.57 0.17
50 M. bovis 7926 (control) 5.43 3.48 1.45 3.45 1.99
100 M. bovis 7926 (control) 4.47 5.12 1.68 3.76 1.83
0 M. bovis 7926 (cysts) -0.27 -0.23 0.76 0.08 0.58
50 M. bovis 7926 (cysts) 1.28 1.58 3.90 2.25 1.44
100 M. bovis 7926 (cysts) 3.40 4.43 3.30 3.71 0.62
STDEV: standard deviation; ppm: parts per million (mg per litre); numbers in brackets ()*: values represent minimal
estimates since these were calculated using values indicating reduction rates equal or greater (>) than the initial
CFU.
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______________________ Reduction rate [Log (N 0 min/ N 10 min)j______________________
Tab. 10: Reduction rates for M. bovis 10772, 3129 and 7926 in cysts as well as the control
experiments after treatment with NaDCC for 10 min.
NaDCC
(ppm) 1
Experiment 
2 3 Average STDEV
0 M. bovis 10772 (control) -0.72 0.24 -0.74 -0.24 0.56
50 M. bovis 10772 (control) 2.17 1.97 0.16 1.43 1.11
100 M. bovis 10772 (control) 3.76 2.56 0.24 2.19 1.78
0 M. bovis 10772 (cysts) -0.13 -0.65 -0.24 -0.39 0.27
50 M. bovis 10772 (cysts) 0.13 0.77 2.29 1.06 1.11
100 M. bovis 10772 (cysts) -0.21 1.14 4.33 1.75 2.33
0 M, bovis 3129 (control) -0.20 0.32 -0.92 -0.27 0.63
50 M. bovis 3129 (control) 2.34 1.88 1.55 1.92 0.39
100 M. bovis 3129 (control) 4.11 2.57 1.84 2.84 1.16
0 M. bovis 3129 (cysts) 0.62 0.68 0.23 0.51 0.24
50 M. bovis 3129 (cysts) 4.57 1.49 3.93 3.33 1.63
100 M. bovis 3129 (cysts) 4.57 1.70 4.48 3.58 1.64
0 M. bovis 7926 (control) -0.13 -0.11 -0.65 -0.30 0.31
50 M. bovis 7926 (control) 2.78 2.05 0.09 1.64 1.39
100 M. bovis 7926 (control) 4.28 3.22 1.99 3.16 1.15
0 M. bovis 7926 (cysts) -0.25 -0.27 0.73 0.07 0.57
50 M. bovis 7926 (cysts) 0.47 1.11 3.43 1.67 1.55
100 M. bovis 7926 (cysts) 1.41 1.70 4.90 2.67 1.94
STDEV: standard deviation; ppm: parts per million (mg per litre)
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Reduction rate after 4 hours and 24 hours of chlorine treatment. The reduction rates after 
4 h of incubation with NaOCl are presented in Tab. 11 and for NaDCC in Tab. 12. In both cases, 
NaOCl and NaDCC, the treatment with 50 ppm as well as 100 ppm of the chlorine releasing 
agent lead in some cases to a reduction of M. bovis below the limit of detection. The initially 
used cultures and batches of infected cysts had concentration between 106 and 107 CFU/ ml 
(Appendix 1) showing that 50 and 100 ppm were sufficient to reduce MbC as well as MbAc by 6 
to 7 log in 4 hours.
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________________________Reduction rate [Log (N 0 min/ N 4 h)f________________________
Tab. 11: Reduction rates for M. bovis 10772, 3129 and 7926 in cysts as well as the control
experiments after treatment with NaOCl for 4 hours.
NaOCl
(ppm) 1
Experiment 
2 3 Average STDEV
0 M. bovis 10772 (control) -0.95 -1.07 -0.44 -0.82 0.33
50 M. bovis 10772 (control) >6.61 1.67 1.33 (3.20)* (2.96)*
100 M. bovis 10772 (control) >6.61 1.43 3.07 (3.71)* (2.65)*
0 M. bovis 10772 (cysts) -0.08 -0.65 0.29 -0.15 0.47
50 M. bovis 10772 (cysts) >6.61 4.22 >7.07 (5.97)* (1.53)*
100 M. bovis 10772 (cysts) >6.61 4.22 >7.07 (5.97)* (1.53)*
0 M. bovis 3129 (control) -0.21 0.48 -0.87 -0.20 0.67
50 M. bovis 3129 (control) 3.31 2.85 1.88 2.68 0.73
100 M. bovis 3129 (control) >7,11 2.97 1.78 (3.95)* (2.80)*
0 M. bovis 3129 (cysts) 0.92 0.42 -0.52 0.27 0.73
50 M. bovis 3129 (cysts) >7.11 2.56 >7.29 (5.65)* (2.68)*
100 M. bovis 3129 (cysts) >7.11 >7.25 >7.29 (7.22)* (0.09)*
0 M. bovis 7926 (control) -0.48 0.12 -0.58 -0.31 0.38
50 M. bovis 7926 (control) >7.20 >6.90 1.14 (5.08)* (3.42)*
100 M. bovis 7926 (control) >7.20 >6.90 3.31
•sf 1—H°oinV_X (2.17)*
0 M. bovis 7926 (cysts) -0.23 -0.31 0.51 -0.01 0.45
50 M. bovis 7926 (cysts) >7.20 >6.90 >7.26 (7.12)* (0.19)*
100 M. bovis 7926 (cysts) >7.20 >6.90 >7.26 (7.12)* (0.19)*
STDEV: standard deviation; ppm: parts per million (mg per litre); numbers in brackets ()*: values represent minimal
estimates since these were calculated using values indicating reduction rates equal or greater (>) than the initial
CFU.
119
________________________Reduction rate [Log (N 0 min/ N 4 h)j________________________
Tab. 12: Reduction rates for M. bovis 10772, 3129 and 7926 in cysts as well as the control
experiments after treatment with NaDCC for 4 hours.
NaDCC
(ppm) 1
Experiment 
2 3 Average STDEV
0 M. bovis 10772 (control) -0.63 0.22 -0.71 -0.20 0.60
50 M. bovis 10772 (control) >6.61 2.81 3.01 (4.71)* (2.69)*
100 M. bovis 10772 (control) >6.61 4.51 3.46 (5.56)* (1.49)*
0 M. bovis 10772 (cysts) -0.04 -0.70 0.10 -0.37 0.46
50 M. bovis 10772 (cysts) 3.64 4.22 >7.07 (3.93)* (0.41)*
100 M. bovis 10772 (cysts) >6.61 3.92 >7.07 (5.27)* (1.90)*
0 M. bovis 3129 (control) -0.16 0.30 -0.89 0.07 0.32
50 M. bovis 3129 (control) 2.73 2.35 2.09 2.54 0.27
100 M. bovis 3129 (control) >7.11 >7.25 3.91 (7.18)* (0.10)*
0 M. bovis 3129 (cysts) 0.67 0.47 0.38 0.51 0.15
50 M  bovis 3129 (cysts) >7.11 >7.25 >7.29 (7.22)* (0.09)*
100 M. bovis 3129 (cysts) >7.11 >7.25 >7.29 (7.22)* (0.09)*
0 M. bovis 7926 (control) 0.01 -0.08 -0.61 -0.03 0.06
50 M. bovis 7926 (control) >7.20 >6.90 2.09 (7.05)* (0.21)*
100 M. bovis 7926 (control) >7.20 >6.90 3.14 (7.05)* (0.21)*
0 M. bovis 7926 (cysts) -0.42 -0.26 1.00 -0.34 0.11
50 M. bovis 7926 (cysts) >7.20 >6.90 >7.26 (7.05)* (0.21)*
100 M. bovis 7926 (cysts) >7.20 >6.90 >7.26 (7.05)* (0.21)*
STDEV: standard deviation; ppm: parts per million (mg per litre); numbers in brackets ()*: values represent minimal
estimates since these were calculated using values indicating reduction rates equal or greater (>) than the initial
CFU.
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After 24 h of exposure to NaOCl and NaDCC the reduction rates changed only in some cases 
due to the already high reduction (below the limit of detection) after 4 h of incubation (Tab. 13 
and Tab. 14). MbAc 10772 for example was reduced by at least 6.59 log after exposure to 100 
ppm NaDCC which is an increase of ~2 log in comparison with the reduction of 3.92 log after 4 
h treatment. Similar to that, in the first experiment MbC 3129 was reduced after 4 h with 100 
ppm NaOCl by 2.97 log (Tab. 11) and by > 7.26 after 24 h (Tab. 13). Comparable results could 
be observed after the use of NaDCC in the first experiment at 50 ppm (Tab. 12 and Tab. 14). The 
reduction rates were 3.64 for MbAc 10772 and 2.73 for MbC 3129 and were > 6.61 for MbAc 
10772 a n d > 7 ! l  for MbC 3129 after 24 h (Tab. 12andTab. 13).
After 24 h of 100 ppm NaOCl treatment MbAc 10772 was reduced below the limit of detection 
(LOD) in all three experiments but only in one experiment in the controls (MbC 10772). A 
similar result was obtain after 24 h with 100 ppm NaDCC where in all three experiments MbAc 
10772 was reduced below LOD in all three experiments and MbC 10772 in two out of three 
experiments under the same conditions. Like M  bovis 10772, strains 3129 and 7926 were also 
reduced below LOD after 24 h and 100 ppm NaDCC as well as NaOCl.
Student’s t-test. The null hypothesis, that the differences in the reduction rates of MbC and 
MbAc were mere chance was tested against the alternative hypothesis that the differences in the 
reduction of MbC and MbAc were due to the treatment with chlorine. P values lower than 0.05 
would indicate that the null hypothesis might be wrong. To test for significant differences 
between the reduction of MbC and MbAc the Student’s test was applied. The significance level 
was 5%. No statistically significant differences could be detected between the reduction rates of 
MbC and MbAc in any of the experiments.
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_______________________ Reduction rate [Log (N 0 min/ N 24 h)j_______________________
Tab. 13: Reduction rates for M. bovis 10772, 3129 and 7926 in cysts as well as the control
experiments after treatment with NaOCl for 24 hours.
NaOCl
(ppm) 1
Experiment 
2 3 Average STDEV
0 M. bovis 10772 (control) -0.96 0.81 -0.53 -0.22 0.92
50 M. bovis 10772 (control) >6.61 3.81 3.29 (4.57)* (1.79)*
100 M. bovis 10772 (control) >6.61 2.04 3.29 (3.98)* (2.36)*
0 M. bovis 10772 (cysts) -0.29 -0.68 0.05 -0.31 0.37
50 M. bovis 10772 (cysts) >6.61 >6.59 >7.07 (6.76)* (0.27)*
100 M. bovis 10772 (cysts) >6.61 >6.59 >7.07 (6.76)* (0.27)*
0 M, bovis 3129 (control) -0.01 -0.41 -0.79 -0.41 0.39
50 M. bovis 3129 (control) 3.92 3.39 2.51 3.27 0.71
100 M. bovis 3129 (control) >7.11 >7.25 3.51 (5.96)* (2,12)*
0 M. bovis 3129 (cysts) 0.80 0.47 -0.82 0.15 0.86
50 M. bovis 3129 (cysts) >7.11 4.10 >7.29 (6.17)* (1.79)*
100 M. bovis 3129 (cysts) >7.11 >7.25 >7.29 (7.22)* (0.09)*
0 M. bovis 7926 (control) -0.37 -0.51 -0.57 -0.48 0.10
50 M. bovis 7926 (control) >7.20 >6.90 2.49 (5.53)* (2.64)*
100 M. bovis 7926 (control) >7.20 >6.90 4.49 (6.20)* (1.49)*
0 M. bovis 7926 (cysts) -0.25 -0.20 1.06 0.20 0.74
50 M. bovis 7926 (cysts) >7.20 >6.90 >7.26 (7.12)* (0.19)*
100 M. bovis 7926 (cysts) >7.20 >6.90 >7.26 (7.12)* (0.19)*
STDEV: standard deviation; ppm: parts per million (mg per litre); numbers in brackets ()*: values represent minimal
estimates since these were calculated using values indicating reduction rates equal or greater (>) than the initial
CFU.
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Tab. 14: Reduction rates for M. bovis 10772, 3129 and 7926 in cysts as well as the control
experiments after treatment with NaDCC for 24 hours.
Reduction rate [Log (N 0 min/ N 24 h)l
NaDCC Experiment
(ppm) 1 2 3 Average STDEV
0 M. bovis 10772 (control) -0.86 0.32 -0.59 -0.37 0.62
50 M. bovis 10772 (control) >6.61 2.73 3.81 (4.39)* (2.00)*
100 M. bovis 10772 (control) >6.61 4.81 >7.07 (6.16)* (1.19)*
0 M. bovis 10772 (cysts) -0.06 -0.59 0.22 -0.15 0.41
50 M. bovis 10772 (cysts) >6.61 3.92 >7.07 (5.87)* (1.70)*
100 M. bovis 10772 (cysts) >6.61 >6.59 >7.07 (6.76)* (0.27)*
0 M. bovis 3129 (control) 0.16 0.48 -0.75 -0.04 0.64
50 M. bovis 3129 (control) >7.11 3.95 2.39 (4.48)* (2.41)*
100 M. bovis 3129 (control) >7.11 >7.25 4.66 (6.34)* (1.46)*
0 M. bovis 3129 (cysts) 0.53 0.58 0.18 0.43 0.22
50 M. bovis 3129 (cysts) >7.11 >7.25 >7.29 (7.22)* (0.09)*
100 M. bovis 3129 (cysts) >7.11 >7.25 >7.29 (7.22)* (0.09)*
0 M. bovis 7926 (control) -0.13 0.12 -0.63 -0.21 0.39
50 M. bovis 7926 (control) >7.20 >6.90 2.98 (5.70)* (2.36)*
100 M. bovis 7926 (control) >7.20 >6.90 3.56 (5.89)* (2.02)*
0 M. bovis 7926 (cysts) -0.31 -0.06 0.79 0.14 0.58
50 M. bovis 7926 (cysts) >7.20 >6.90 >7.26 (7.12)* (0.19)*
100 M. bovis 7926 (cysts) >7.20 >6.90 >7.26 (7.12)* (0.19)*
STDEV: standard deviation; ppm: parts per million (mg per litre); numbers in brackets ()*: values represent minimal 
estimates since these were calculated using values indicating reduction rates equal or greater (>) than the initial
CFU.
123
3.4.12. Protection of M. bovis in cysts from chlorine
In order to see whether the cysts offered M. bovis protection from chlorine stress the difference 
between the reduction rate of MbC and the reduction rate of the corresponding MbAc for similar 
conditions was calculated. For example the reduction rate for MbC 10772 after 10 min exposure 
to 50 ppm NaOCl was 3.53 and the reduction rate for MbAc 10772 under the same conditions 
was -0.37 (Tab. 9). The difference (MbC - MbAc) would be 3.90. The positive value represents 
the log by which MbC 10772 was more reduced than MbAc 10772 under the same conditions. 
Negative values would indicate that MbAc was more reduced than the corresponding MbC under 
the same experimental conditions, (same chlorine releasing agent, concentration, times and 
number of experiment). In some of the experiments the reduction rates were equal or greater than 
(>) the initial CFU. For example in Tab. 9 the log of MbC 10772 (100 ppm NaOCl, third 
experiment) was 1.64 and the corresponding MbAc 10772 was > 7.07. This means that the 
resulting calculated (MbC - MbAc) value of -5.43 was a maximum estimate. These values are 
marked with an asterix (*) in Tab. 15, Tab. 16 and Tab. 17. In Tab. 16 the value marked with a 
dagger (f) represents a minimum estimate as MbC 10772 (50 ppm NaDCC, first experiment) 
was > 6.61 and the corresponding MbAc 10772 had a value of 3.64 (Tab. 12).
In Tab. 15 the calculated differences between MbC and MbAc after 10 min of treatment with 
chlorine are shown. A protective effect of A. castellanii cysts could be seen in some of the 
experiments and was mostly observed during the first 10 min of treatment with NaOCl or 
NaDCC. Each of the tested M. bovis strains showed at least in one of the experiments a lower 
reduction rate in cysts than in the controls. These can be seen in Tab. 15 as positive values. The 
protective effect was not randomly distributed but showed a correlation with the batch of cysts 
tested. This means that M. bovis from one batch of cysts was protected from NaOCl and NaDCC 
at 50 ppm as well as 100 ppm. This was true for batch of cysts number 2 in M. bovis 3129, batch 
number 1 and 2 in M. bovis 7926 and batch number 1 and 2 in M. bovis 10772. However, 
M. bovis 10772 from the second batch also was protected but only for NaDCC at 50 ppm and 
100 ppm and not from the effect of NaOCl.
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When looking at the protective effect the values for 0 ppm should be taken into consideration. 
The level of protection in M. bovis 10772 is in the first experiment after 10 min as high as 
3.96 log with NaDCC and 3.90 log in NaOCl (Tab. 15) whereas, the values for the 0 ppm were 
-0.60 and -1.28. M  bovis strain 7629 also showed high level of protection, up to 2.88 in 
comparison to the 0 ppm control of 0.12. In some cases the differences between MbC and MbAc 
were much greater then the 0 ppm values, whereas in others the values were close to those of 
Oppm. So for example in Tab. 15 the values for M. bovis 10772 with 50 ppm and 100 ppm 
NaDCC were 1.19 and 1.41, respectively. These positive values imply that M. bovis 10772 in 
cysts was protected during the first 10 minutes of exposure to 50 and 100 ppm NaDCC. The 
relevance of these values however, is reduced by the fact that the corresponding 0 ppm control 
shows a value of 0.89. Furthermore, M. bovis strain 3129 for example, shows protection values 
of 1.22 and 0.95 after treatment with 50 ppm and 100 ppm NaOCl (Tab. 15) and the 
corresponding 0 ppm control shows a value of -1.14. This suggests that the protection offered by 
the cysts was higher than indicated by the positive values of 1.22 and 0.95. These two examples 
show the variation between the results which makes it difficult to conclude whether cysts protect 
M. bovis from chlorination or not.
Yet, after 4 h of co-incubation with NaDCC and NaOCl the reduction of M. bovis from the cysts 
was, with some exceptions, for example a value of 0.29 for M. bovis 3129 after 4 h with 50 ppm 
NaOCl, higher than in the corresponding M. bovis controls (Tab. 16). In the same table, a value 
of 2.97 was calculated for M. bovis 10772 (50 ppm NaDCC, first experiment) which represents a 
minimal estimate. After 24 h no protection of M. bovis from chlorination was detected (Tab. 17). 
In some experiments M. bovis with Acanthamoeba as well as in the controls was reduced below 
LOD so that the difference between the reduction rate of MbC and MbAc could not be 
calculated. These values are represented in Tab. 16 and Tab. 17 as LOD.
As the difference between MbC and MbAc depended on the reduction rates calculated 
previously, the variation between the experiments made is impossible to apply a statistical test on 
these results.
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Tab. 15: Protection of M. bovis from chlorine in A. castellanii cysts after 10 min of exposure to 
NaDCC and NaOCl. The level of protection is expressed as the difference between the reduction 
rate of M. bovis in culture controls (MbC) and the reduction rate in cysts (MbAC). Positive 
values (bold) represent a higher reduction of MbC than MbAc and negative values represent a 
higher reduction rate of MbAc in comparison to MbC.
Difference between reduction rate of MbC and reduction rate MbAc after 
_____________________ 10 min (MbC - MbAc)_______________________
Concentration Experiment
NaDCC NaOCl
1 2 3 1 2 3
0 ppm Mm bovis 10772 -0.59 0.89 -0.5 -1.27 0.57 -0.10
50 ppm Mm bovis 10772 2.04 1.20 -2.13 3.90 -2.83 -6.08*
100 ppm M. bovis 10772 3.97 1.42 -4.09 3.90 -1.11 -5.43*
0 ppm M. bovis 3129 -0.82 -0.36 -1.15 -0.89 -1.14 -0.07
50 ppm M. bovis 3129 -2.23 0.39 -2.38 -3.55* 1.22 -6.65*
100 ppm M. bovis 3129 -0.46 0.87 -2.64 -3.89* 0.95 -6.10*
0 ppm M. bovis 7629 0.12 0.16 -1.38 -0.11 -0.48 -1.37
50 ppm M. bovis 7629 2.31 0.94 -3.34 4.15 1.90 -2.45
100 ppm ML bovis 7629 2.87 1.52 -2.91 1.07 0.69 -1.62
MbC: M. bovis (control) = [Log (N 0 min/ N 10 min)]; MbAc: M. bovis (cysts) = [Log (N 0 min/ N 10 min)]; LOD:
limit of detection, values could not be calculated due to no colonies present on these plates; ppm: parts per million
(mg per litre); *: values represent maximum estimates.
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Tab. 16: Protection of M. bovis from chlorine in A. castellanii cysts after 4 hours of exposure to 
NaDCC and NaOCl. The level of protection is expressed as the difference between the reduction 
rate of M. bovis in culture controls (MbC) and the reduction rate in cysts (MbAc). Positive values 
(bold) represent a higher reduction of MbC than MbAc and negative values represent a higher 
reduction rate of MbAc in comparison to MbC.
Difference between reduction rate of MbC and reduction rate MbAc after 
______________________ 4 hours (MbC - MbAc) _______________
Concentration Experiment
NaDCC NaOCl
1 2 3 1 2 3
0 ppm M. bovis 10772 -0.59 0.92 -0.81 -0.87 -0.42 -0.73
50 ppm M. bovis 10772 2.97f -1.41 -4.06* LOD -2.55 -5.74*
100 ppm M. bovis 10772 LOD 0.59 -3.61* LOD -2.79 -4.00*
0 ppm M. bovis 3129 -0.83 -0.17 -1.27 -1.13 0.06 -0.35
50 ppm M. bovis 3129 -4.38* -4.90 -5.20* -3.80* 0.29 -5.41*
100 ppm M. bovis 3129 LOD LOD -3.38* LOD -4.28* -5.51*
0 ppm M. bovis 7629 0.43 0.18 -1.61 -0.25 0.43 -1.09
50 ppm M. bovis 7629 LOD LOD -5.17* LOD LOD -6.12*
100 ppm M. bovis 7629 LOD LOD -4.12* LOD LOD -3.95*
MbC: M. bovis (control) = [Log (N 0 min/ N 4 h)]; MbAc: M. bovis (cysts) = [Log (N 0 min/ N 4 h)]; LOD: limit of
detection, values could not be calculated due to no colonies present on these plates; ppm: parts per million (mg per
litre); *: values represent minimal estimates; f : values represent minimum estimates.
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Tab. 17: Protection of M. bovis from chlorine in A. castellanii cysts after 24 hours of exposure to 
NaDCC and NaOCl. The level of protection is expressed as the difference between the reduction 
rate of M. bovis in culture controls (MbC) and the reduction rate in cysts (MbAC). Positive 
values (bold) represent a higher reduction of MbC than MbAc and negative values represent a 
higher reduction rate of MbAc in comparison to MbC.
Difference between reduction rate of MbC and reduction rate MbAc after 
______________________ 24 hours (MbC - MbAc)______________________
Concentration Experiment
NaDCC NaOCl
1 2 3 1 2 3
Oppm M. bovis 10772 -0.80 0.91 -0.81 -0.67 1.49 -0.58
50 ppm M. bovis 10772 LOD -1.19 -3.26* LOD -2.78* -3.78*
100 ppm M. bovis 10772 LOD -1.78* LOD LOD -4.55* -3.78*
0 ppm M. bovis 3129 -0.37 -0.1 -0.93 -0.81 -0.88 0.03
50 ppm M. bovis 3129 LOD -3.30* -4.90* -3.19* -0.71 -4.78*
100 ppm M. bovis 3129 LOD LOD -2.63* LOD LOD -3.78*
0 ppm M. bovis 7629 0.18 0.18 -1.42 -0.12 -0.31 -1.63
50 ppm M. bovis 7629 LOD LOD -4.28* LOD LOD -4.77*
100 ppm M. bovis 7629 LOD LOD -3.70* LOD LOD -2.77*
MbC: M. bovis (control) = [Log (N 0 min/ N 24 h)]; MbAc: M. bovis (cysts) = [Log (N 0 min/ N 24 h)]; LOD: limit
of detection, values could not be calculated due to no colonies present on these plates; ppm: parts per million (mg
per litre); *: values represent maximum estimates.
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For each disinfectant two concentrations were tested, 50 pm and 100 ppm. Water, 0 ppm was 
used as a control treatment instead of NaDCC or NaOCl. In order to compare the results between 
the treatment with 50 ppm and 100 ppm the Student’s test was performed on the obtained data. 
Comparisons were made between the 0 ppm control and 50 ppm as well as 100 ppm. Compared 
were also 50 ppm and 100 ppm. The results of the t-test showed no significant difference 
between the reduction level at 50 ppm and 100 ppm indifferently whether NaDCC or NaOCl was 
used.
3.4.I.4. Summary
Three batches of M  frov/s-containing cysts were produced. Two HOC1 releasing agents, NaOCl 
and NaDCC were tested in concentrations of 50 ppm and 100 ppm. As a control treatment water 
was used.
The application of HOC1 from NaDCC and NaOCl clearly reduced M. bovis in both, the controls 
as well as in the cysts. The reduction rates were not constant but differed from experiment to 
experiment which resulted in a high variation. The reduction rate however, showed that a 10 min 
exposure to 100 ppm NaOCl was already sufficient to reduce M  bovis 10772 and 3129 in cysts 
up to 7 log. After 4 h and 24 h of treatment with chlorine M. bovis in cysts as well as in the 
controls was reduced below the limit of detection in most of the experiments. The cysts protected 
M bovis from chlorine only marginally. The effect was observed in some of the experiments 
after 10 min of exposure. After that the results indicated that M. bovis in cysts was more 
sensitive to chlorine than the corresponding controls.
3.4.13. Effect of concentration on the reduction of M. bovis
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3.4.2. Results of testing different approches to desiccation experiments
Calcium chloride desiccated the tested glass bottles too quickly, within 10 days and bentonite 
had little effect on the glass bottles in comparison with the glass bottles tested under room 
conditions. The use of glass beads and sand proved to be unsatisfactory because these 
blocked the needles too often. Furthermore, the use of blunt needles proved to be difficult 
and a higher rate of contamination was observed. The use of tissue culture flasks was, 
although in comparison with the others the more expensive method, more reliable, safer to 
use and less prone to contamination than the glass bottles.
3.4.3. Results: Stress factor desiccation
Three strains of M. bovis, 10772, 3129 and 7926, were incubated with A. castellanii for 3 to 4 
weeks and exposed to desiccative conditions.
Fig. 22 shows graphically the loss of volume of vented as well as non-vented flasks during 
the 10 weeks incubation period. The corresponding data are presented in Appendix 2. The 
data were averaged and used to calculate the loss of volume in percentages in Appendix 3. 
The plot shows that the volume was reduced in both the vented as well as the non- vented 
control flasks. The vented flasks were completely dehydrated by week 6 (T6) and the non- 
vented flasks lost 60% of their volume by week 10 (T10). The process of cysts production as 
well as the washing of the M. bovis culture controls seemed not to have affected the loss of 
volume. The same was valid for the non- vented flasks.
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Fig. 22: Loss of volume (pi) in the vented as well as the non-vented control flasks. Data from 
all flasks were pooled, averaged and standard deviation was calculated (Appendix 2). MbC: 
M. bovis culture controls, MbAc: M. bovis in A. castellanii cysts.
3.4.4. Comparison of reduction rates
The results of the desiccation experiments are presented in Fig. 23 for M. bovis strain 10772, 
in Fig. 24 for M. bovis strain 3129 and in Fig. 25 for M. bovis 7926. The corresponding log 
reduction data are shown in Appendix 4, Appendix 5 and Appendix 6. For each strain MbC 
as well as MbAc in vented and non-vented flasks the reduction rates are presented in one 
graph. The data were not averaged but were plotted separately for each experiment indicated 
as A and B.
The plots show that all three M. bovis strains in the controls as well as in the cysts, were 
affected by the desiccation process. After 4 to 6 weeks of incubation the samples in the 
vented flasks lost 100 % of their volume. No M. bovis, either in the culture control
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experiments or the cysts samples could be detected after 10 weeks of desiccation in the 
vented flasks which indicates that M. bovis was reduced by -7  log which is indicated in the 
following graphs as LOD, limit of detection. The corresponding controls in the non-vented 
flasks showed reduction rates between 1 and 2 log but also in some experiments M. bovis 
was also reduced below the limit of detection. This was the case for MbAc 7926 and MbAc 
10772 in the first experiment.
The experiments were conducted twice, each time a new batch of infected cysts as well as 
M. bovis suspension culture was used. The variation between the duplicates in the vented 
flasks was high. So was MbAc 10772 after 4 weeks (T4) in the first experiment reduced by 
1.51 log, whereas in the second experiment by > 6.86 log (Fig. 23). A similar high 
discrepancy between the experiments was observed for MbAc 3129 at T6 where the log 
reduction reached LOD (> 7.32) in the first experiment but only 3.84 log in the second (Fig. 
24). MbAc 7926 also reached LOD at different time points: In the first experiment at T6 (> 
7.17) but at T2 in the second experiment (>7.91).
In the non-vented flasks some dehydration also occurred, -60% loss of water, but none of the 
flasks desiccated completely by T10. The log reductions in these flasks were around 1 to 2 
log by T10 although in one occasion (MbAc 7926/ first experiment) the bacilli were reduced 
below the limit of detection at T10 (Fig. 25 A). Similar was MbC 10772 (T10/ first 
experiment) where the log reduction was 7.20 which was close to the LOD of 7.28 log (Fig. 
23 A).
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Fig. 23: Reduction rates for M. bovis 10772 in cysts as well as the control experiments after 
desiccation at 20°C for up to 10 weeks. Plotted are the results from the vented as well as the 
non- vented flasks. LOD (limit of detection) indicates that the reduction rates could not be 
calculated due the absence of colonies on 7H11. Therefore, the reduction rate was plotted as 
high as the initial CFU used in the experiment. A: first experiment; B: second experiment; 
n.d.: not determined.
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Fig. 24: Reduction rates for M. bovis 3129 in cysts as well as the control experiments after 
desiccation at 20°C for up to 10 weeks. Plotted are the results from the vented as well as the 
non- vented flasks. LOD (limit of detection) indicates that the reduction rates could not be 
calculated due to the absence of colonies on 7H11. Therefore, the reduction rate was plotted 
as high as the initial CFU used in the experiment. A: first experiment; B: second experiment; 
n.d.: not determined.
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Fig. 25: Reduction rates for M bovis 7926 in cysts as well as the control experiments after 
desiccation at 20°C for up to 10 weeks. Plotted are the results from the vented as well as the 
non- vented flasks. LOD (limit of detection) indicates that the reduction rates could not be 
calculated due to the absence of colonies on 7H11. Therefore, the reduction rate was plotted 
as high as the initial CFU used in the experiment. A: first experiment; B: 
second experiment; n.d.: not determined
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The difference between MbC and MbAc (MbC - MbAc) was calculated for each M. bovis 
strain and each experiment (Tab. 18). Positive values indicate that M  bovis in the 
controls was more affected by desiccation than M. bovis in the cysts and negative values 
that MbAc was more reduced than MbC under same conditions. Positive values were 
calculated for M. bovis 10772 in the first experiment between T6 and T10 in the non- 
vented flasks and in second experiment at T2 in the vented flasks. M. bovis 3129 showed 
some protection in the vented flasks at T4 in the first experiment and at T6 in the second 
experiment. However, in the latter the value of 3.23 represents a minimum estimate as 
MbC 3129 was >7.07 whereas MbAc 3129 was 3.84 (Tab. 18). The values for M. bovis 
7926 were mostly negative in the vented flasks with the exception of T4 in the first 
experiment which was a positive value of 0.57.
M. bovis 10772 showed in the first experiment an decrease of (MbC - MbAc) from -0.10 
at T4, -1.93 at T6 and -2.74 at T8 but in the second experiment with the same strain the 
difference between MbC and MbAc at T4 was -5.30 but at T6 -2.48 (Tab. 18). Similar to 
that were the results for M. bovis 3129 in the first experiment for T6 and T8 where (MbC 
- MbAc) increased from -4.61 to -1.89 as the desiccation proceeded. Although some 
values show a protective effect, the calculated data showed some variation so that it is not 
clear whether cysts can protect M. bovis from desiccation or not. The absence of colonies 
on 7H11 for both MbC as well as MbAc at the same time point which indicated that 
M. bovis was reduced below the limit of detection, also made it impossible to calculate 
any protective effect. In Tab. 18 these cases are indicated with/ as LOD.
3.4.5. Protection of M. bovis in cysts from desiccation
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Tab. 18: Protection of M. bovis from desiccation in A. castellanii cysts. The level of 
protection is expressed as the difference between the reduction rate of M. bovis in culture 
controls (MbC) and the reduction rate in cysts (MbAc). Positive values represent a higher 
reduction of MbC than MbAc and negative values represent a higher reduction rate of
MbAc in comparison to MbC.
Difference between reduction rate of MbC and reduction rate MbAc 
(MbC - MbAc) for M. bovis 10772, 3129 and 7926
M. bovis 10772 
Time (weeks)
Experiment 1 Experiment 2
vented non-vented vented non-vented
TO 0 0 0 0
T2 nd nd 0.79 0.65
T4 -0.10 -0.16 -5.30* -0.69
T6 -1.93 0.58 -2.48* -0.22
T8 -2.74 0.11 nd nd
T10 LOD 5.29 LOD 0.23
M. bovis 3129 Experiment 1 Experiment 2
Time (weeks) vented non-vented vented non-vented
TO 0 0 0 0
T2 nd nd -0.42 1.68
T4 1.33 -0.21 -1.06 -0.44
T6 -4.61* -0.52 3.23* -0.34
T8 -1.89 -0.64 nd nd
T10 LOD -0.76 LOD -0.30
M. bovis 7926 Experiment 1 Experiment 2
Time (weeks) vented non-vented vented non-vented
TO 0 0 0 0
T2 -1.57 0.12 LOD -1.98
T4 0.57 0.05 LOD -0.88
T6 LOD -6.26* LOD -0.10
T8 nd nd nd nd
T10 LOD -5.57* LOD 0.37
MbC: M. bovis (control) =  [Log (N 0 weeks/ Nt weeks)]; MbAc: M. bovis (cysts) = [Log (N 0 weeks/ Nt
weeks)]; N: CFU/ ml; Nt: CFU/ ml at an indicated time in weeks; nd: not determined; LOD: limit o f  
detection, values could not be calculated due to no colonies present on these plates; *: values represent 
maximum estimates; f: values represent minimum estimates.
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3.4.6. Summary
A. castellanii cysts infected with three M. bovis strains were incubated for up to 10 weeks 
in vented as well as non-vented flasks. M. bovis cultures were used as additional controls 
and the experiment was repeated twice. The process of dehydration reduced all three 
M. bovis strains within 10 weeks below the limit of detection. The reduction rates 
differed between the replicates so that the use of any statistical approach was not 
applicable. No general protective effect could be observed.
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3.5.1. Experimental considerations
The variation between the experiments. The results of the three experiments with 
hypochlorous acid were averaged and the standard deviation was calculated. The values of the 
STDEV were high due to a high variation between the replicates. The variation between the 
experiments shows that the production of cysts which contain M. bovis might have been not 
consistent and no research was published on this topic specifically. However, when available 
published data concerning cysts is being compared it becomes clear that no research group was 
able to show that infected cysts can reliably be produced. In some publications attempts to show 
bacteria inside cysts failed completely in other the cysts contained bacteria only to some extent. 
The occurrence of bacteria in cysts was mostly qualitatively assessed and quantitative data have 
not been published yet.
Inefficient encystment. The reason for the inconsistency in the cysts production might be found 
in the inconsistency of the amoebas’ and mycobacteria’s metabolic state during co-incubation. 
Even if attention was paid to the age of the cultured cells used as well as their growth phase a 
lack of synchronisation might have occurred. In A. castellanii the cell cycle is a factor which 
influences a synchronised encystation (Byers et al., 1991; Chagla and Griffiths, 1978). It can be 
expected that different sub- populations coexist in one Acanthamoeba culture. The formation of 
cysts occurs when for example the medium runs out of nutrients or osmolarity and temperature 
change (Cordingley and Trzyna, 2008). The addition of PAS to the infected amoeba layer also 
triggers the formation of the cyst due to the fact that mycobacteria are not digestible and that 
PAS is a non-nutrient buffer. It is possible that the encystation process in the amoeba culture 
used in this study occurred unevenly due to cell heterogeneity or slight alterations in the 
incubation media.
Lysis of cysts. At the beginning of the survival experiments the protozoa were present in their 
vegetative state and encysted during the incubation in non-nutrient buffer. When discussing the 
results of this chapter the efficiency of the SDS/ 27G needle lysis method needs to be considered.
3.5. Discussion
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For the lysis of trophozoites and cysts 0.5% SDS was added and the solution was passed several 
times through a 27G needle. However, this method leads to 100% lysis of trophozoites which 
also had been observed in this thesis but does not lead to a 100% destruction of cysts. Taylor et 
al. (2003) reported that reduction rate after this treatment was about 90%. The initial 
concentration of trophozoites in this thesis was about 5 log. Assuming that 100% of all 
trophozoites encysted and around 90% were lysed, would still mean that 1.00E+04 remained 
unlysed and 9.00E+04 cysts had been lysed. This is still a high concentration but the remaining 
unlysed 10% have to be considered as 10% can be sufficient to change the outcome of a 
statistical analysis since the control experiments were cyst free. Other methods of lysis were also 
considered: sonification was dismissed due to the generation of aerosols and freeze/ thawing was 
dismissed because that would have lysed mycobacteria as well and would have required a 
rearrangement of the contaimnent level 3 facility.
3.5.2. Effect of protection
Hypochlorous acid as a stress factor. Acanthamoeba species exist in two different forms, a 
vegetative stage, the trophozoite, and the cyst as the dormant stage which is formed when 
conditions become hostile. As such cysts are thought to be more resilient to environmental stress 
factors than the trophozoites. It has been suggested that the incorporation of bacteria in the cysts 
of A. castellanii might offer these bacteria protection against environmental stress due to the 
mechanical barrier of the cysts.
Most research concerning the survival of pathogens in amoeba used L. pneumophila as a model 
organism. Kilvington and Price (1990) showed that L. pneumophila was protected from the 
harmful effects of hypochlorous acid by the incorporation into amoeba cysts. However, the 
following needs to be considered: Legionella can be killed by HOC1 concentrations of 0.4 ppm to 
6 ppm although higher levels have been reported too. Acanthamoeba cysts in contrary are 
resistant to levels up to 40 ppm NaOCl and 100 ppm NaDCC (Dejonckheere and Vandevoorde, 
1976; Khunkitti et al., 1996). Due to the higher resistance of the cysts to hypochlorous acid it is
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relatively easy to show the protective effect of the cysts on Legionella because in comparison 
with cysts free control experiments, the bacteria will resist higher concentrations of HOC1.
In case of mycobacteria the lower intrinsic sensitivity to HOC1 needs to be taken into account. 
The aim of many studies which concern disinfection and mycobacteria, especially tuberculous 
mycobacteria, is to kill as many bacilli as possible in a very short period of time. Published 
results show that concentrations of HOC1 as high as 6,000 ppm or higher are sufficient to kill 
M. tuberculosis by 5 log or higher. No publication could be found on the deactivation kinetics of 
tuberculous mycobacteria when exposed to lower concentrations of hypochlorous acid and 
therefore the times required to kill tuberculous mycobacteria at lower concentrations of HOC1 
are not known. However, some information can be deduced from available publications 
concerning nontuberculous mycobacteria. Taylor et al (2000) and Le Dantec et al. (2002) 
showed for example that M. fortuitum could be reduced by 3 log when treated with 135 ppm for 
1 min. Adekambi et al. (2006) used 15 ppm HOC1 for 24 h to kill mycobacteria after co­
incubation with amoeba. The latter reported that A. polyphaga trophozoites were infected with 
different mycobacterial species from 93% up to 99%. Yet, even if the concentration of 
mycobacteria used in their study is known (106 CFU/ ml), the concentration of internalized 
mycobacteria after encystment is not since they report that the cysts were “positive for 
mycobacteria” after treatment with chlorine. Therefore, the log reduction rate remains unclear 
and it can be suspected that the concentration of viable mycobacteria recovered from cysts by 
Adekambi et al. (2006) was below the expected concentrations. Thom et al. (1992) who co­
incubated Vibrio cholerae with A. castellanii and Naegleria gruberi could not find any infected 
cysts of A. castellanii. Furthermore, the authors attempted the isolation of V. cholerae from 
N. gruberi cysts in up to 12 experiments, but isolated V cholerae in only one of their 
experiments. This indicates that the internalisation of bacteria in cysts is an infrequent event.
Together with the high variations between the different experiments, this suggests that 
A. castellanii cysts incorporate M. bovis at a low and irregular rate. Another reason for the lack 
of positive results might be, as already discussed for L. pneumophila, that the concentrations 
required for killing Acanthamoeba cysts and M. bovis intercept and therefore a protective effect
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would have been difficult to observe. This could not have been predicted since the information 
available on the deactivation kinetics of M. bovis and Acanthamoeba cysts is limited.
Desiccation as a stress factor. The aim of the desiccation experiments was to show that cysts 
can protect M. bovis from desiccative conditions. This could not be shown but as in the 
experiments with HOC1 the reduction rate of M. bovis in cysts was higher then M. bovis controls 
in some experiments. The desiccation conditions were mild: relative air humidity around 50% 
(normal humidity indoors), absence of light and ambient temperature and no harsh pH. 
Acanthamoeba cysts are able to remain viable over years and decades due to, as already 
discussed, the double wall which provides a mechanical barrier against dehydration (Pens and 
Rott, 2008; Sriram et al., 2008). Although not exactly known, the resistance to desiccation of 
M. bovis can be expected to be high too, surviving for weeks where other bacteria survive only 
hours or days. Consequently, if the hypothesis that cysts are protective towards M. bovis is 
correct, a longer survival of M. bovis was expected. As the process of producing infected cysts 
was the same for the HOC1 and the desiccation experiments, and the results show a similar trend, 
it is reasonable to argue that similar reasons which affected M. bovis in cysts after HOC1 
exposure also affected the viability under desiccative conditions.
Expected was a higher rate of protection and the minimal effect observed poses the question 
about the number of bacteria in cysts. It has been shown that amoeba can expel bacteria which 
they do not digest and cellular matter is also exocytosed prior to encystment (Bowers and Kom, 
1969). Therefore, it is reasonable to assume that during the encystment process described in this 
thesis only a part of the M. bovis cells were actually located in the cysts. The insignificant 
protective effect can then be explained by a small concentration of mycobacterial cells in the 
cysts. It is generally assumed that the incorporation of bacteria into cysts protects these from 
stress factors. However, the change from the trophozoite stage to the cyst stage goes hand in 
hand with changes of the amoebas’ cytoplasmic contents (Bowers and Kom, 1969). Moreover, it 
can not be ruled out that the conditions within the cysts might be an additional stress factor for 
the incorporated mycobacteria which contribute to a decreased long term viability of M bovis.
142
The cyst wall of Acanthamoeba is formed of two layers: the endocyst, the inner layer which is 
rich in cellulose and the ectocyst, the outer layer (Turner et al., 2000). The protection of the cysts 
from harsh environments is due to the high cellulose content of the endocyst. In a recent study 
mycobacteria have been shown to be localised mostly in the ectocyst of A. polyphaga cyst. In 
some cases the mycobacteria were also found in the cytoplasm of the cysts (Ben Salah and 
Drancourt, 2010). A protection from stress is likely to happen only if  the mycobacteria are 
localised in the cytosol, behind the cellulose rich endocyst. Assuming that M. bovis was trapped 
at low numbers in the ectocyst, like shown for environmental mycobacteria, it is unlikely that 
protection was provided.
The results of chapter 2.6.1 (page 53) indicate that virulent M. bovis was negatively affected by 
the co-incubation with A. castellanii. Possible reasons for that have already been discussed in 
chapter 1 and it can be suggested that the same reason which affected the long-term survival in 
PAS also affected the resistance to hypochlorous acid and desiccation.
3.5.3. Reduction rate of M  bovis in cysts
However, worth noting is the high reduction rate after application of 50 ppm NaOCl for 10 min 
on M. bovis in cysts in experiment 1 and 3 (Tab. 9, page 115). Considering the high resistance of 
mycobacteria to chlorination in comparison with other bacteria, it is surprising that two strains of 
mycobacteria were reduced below the limit of detection, by around >7 log for M. bovis 10772 
and 3129 and by 3.9 log for M. bovis 7926, at such a low concentration of hypochlorous acid. As 
already mentioned it is likely that M. bovis was only partly internalised into the cysts and as the 
results of chapter 2.6.1 (page 53) showed, the amoebas had a negative effect on M. bovis. The 
interaction with Acanthamoeba might have affected the integrity of the cell membrane in a way 
that their intrinsic resistance to chlorine weakened after the co-incubation with the amoebas. For 
Legionella it has been shown that the incubation with Acanthamoeba does increase the 
susceptibility to chlorine in comparison with the incubation with Hartmannella, another amoeba 
(Chang et al., 2009). The authors observed that Legionella cells showed decreased membrane 
integrity after incubation with Acanthamoeba. An increased sensibility of Legionella to chlorine
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after interaction with Acanthamoeba was also described by Storey et al. (2004). A similar effect 
is thinkable when M. bovis was taken up by the amoeba as described in this chapter.
Mycolic acids are characteristic for members of the Corynebacterineae to which mycobacteria 
belong. Mycolic acids are important for the low permeability of the mycobacteria cell wall and 
have been shown to be vital for growth of M. tuberculosis (Glickman et al., 2000). The 
composition of mycolic acids defines the composition of the mycobacterial cell wall and can be 
altered when changes of temperature occur in order to adjust to new growth condition and 
staivation (Archuleta et al., 2005; Kremer et al., 2002; Toriyama et al., 1980). The exposure to 
isoniazid, an inhibitor of the mycolic acid synthesis, and the long term incubation in water at 
37°C let M. tuberculosis lose its acid fastness (Nylca, 1974; Takayama et al., 1972) which 
indicates a significant change of the cell coat lipid composition. However, Takayama et al. 
(1978) could show that M  tuberculosis was not able to adapt the composition of mycolic acids 
and fatty acids due to a lack of synthesis of unsaturated fatty acids at lower temperatures (16°C 
to 20°C) which resulted in a loss of viability. M. avium grown at 30°C was more susceptible 
when exposed to chlorine at 40°C then at 30°C suggesting that the fluidity of the cell wall plays 
an important role in the susceptibility to HOC1 (Falkinham, 2003). M. bovis is member of the 
M  tuberculosis complex. It is likely that at 20°C M. bovis is unable to adjust the composition of 
mycolic acids due to a decrease or even lack of expression of the corresponding genes. That 
might have weakened the intrinsic resistance of the cell walls to stress factors such as HOC1 and 
desiccation leading to damaged bacilli.
144
3.5.4. Conclusions
The aim of the experiments described in this chapter was to clarify whether the incorporation of 
M. bovis in amoeba cysts can protect the bacilli from two stress factors: hypochlorous acid and 
desiccation. The protection from HOC1 and desiccation would have supported the theory that the 
cysts of environmental protozoa might act as a reservoir for M. bovis, protecting these from 
hostile conditions.
No such effect could be shown due to inconclusive results. However, the following conclusions 
can be drawn:
1. The lack of a significant protective effect raises the question about the ability of
A. castellanii to incorporate M. bovis in the cysts.
2. It can be suggested that the interaction of M. bovis with Acanthamoeba is rather leading
to a decrease of the bacteria’s resistance to environmental stress rather than a protection 
from it.
3. This might have significant real life implications leading to infrequent uptake of
mycobacteria by environmental protozoa as well as contributing to the inactivation of 
M. bovis in the environment.
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4. Chapter 4: Occurrence of M. bovis in environmental protozoa
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4.1. Environmental protozoa
Briefly, the food web consists of two major groups: decomposer and consumer. The 
decomposers, bacteria, fungi and protozoa, are responsible for the decomposition and 
degradation of organic matter into nutriants which then are used by the consumer such as 
plants and animals, to produce organic matter. Protozoa are considered as secondary 
decomposers, mainly feeding on bacterial prey but also on fungi and other protozoa. 
Protozoa themselves are a food source for higher organisms such as nematodes and 
earthworms (Clarholm, 2005). Due to the digestion by protozoa the nutrients bound 
within the bacterial matter are released and are available to the consumers. Protozoa are 
known to have a major impact on the bacterial population in the soil where they can 
decrease the bacterial population by >90% in one day (Hattori, 1994). It has been shown 
that soil and in particular agricultural used soils which contained high densities of 
protozoa also showed better mineralisation and therefore a better growth of crops 
(Robinson et al., 2002). Apart from the significance in the nutrient cycle of soils 
Acanthamoeba spp. plays an important role in the regulation of bacterial population 
(Rodriguez-Zaragoza et al., 2005). The number of protozoa in soil can vary between 103 
and 106 per g of soil with the dominating species of protozoa depending on the type of 
soil where a soil with a high biological activity also exhibits a high number of protozoa 
(Ekelund et al., 2001). Protozoa could be identified in wet climates as well as in arid 
zones (Booth and Zygmunt, 2005) where the availability of water is one of the limiting 
factors for their abundance. The composition of the protozoan population depends on the 
soil environment and can change rapidly when environmental factors change (Mergeryan, 
1991; Rezaeian et al., 2008). In forest soils, protozoa are mostly found in the upper layer 
of soil, the O horizon27. Here the number of protozoa per g soil was calculated by Dykova 
et al. (1998) and Hassl and Benyr (2003) to be up to 105 cells. With increasing depth the 
concentration of protozoa decreased as well but protozoa could be isolated as deep as 1 
metre. The majority of protozoa in agricultural or forest soil are represented by
27The O horizon describes the upper most layer o f humus (up to 5 cm deep).
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gymnamoebae (naked amoeba) followed by flagellates and ciliates28. Naked amoebas are 
associated with soil particles to which these attach (Cowling, 1994). hi acidic 
environments (pH between 3 and 4) Testacea (protozoa with a shell) can be the dominant 
group (Booth and Zygmunt 2005; Mitchell et al., 2003).
Protozoa are not only found in water, soil and air but also associated with animals. For 
ruminants protozoa are vital for the digestion of food. The fermentation of grass or silage 
in the rumen by protozoa guarantees the breakup of nutrients which then can be resorbed 
and catabolised by the ruminants. Protozoa are also found as parasites of warm blooded 
as well as cold blooded animals. In regard to this chapter the occurrence of protozoa in 
intestines of animals is more relevant. Protozoa, like Acanthamoeba and Tetrahymena, 
the two species used in this thesis are not only widely found in the environment but are 
also associated with warm and cold blooded animals. Acanthamoeba spp. were isolated 
from faeces of cattle29 (Mergeryan, 1991; Rezaeian et al., 2008) and were also found in 
the intestines of reptiles (Hassl and Benyr, 2003, Wildschutte and Lawrence, 2007). 
Tetrahymena spp are found in snails and slugs (Corliss et al., 1962).
4.2. Association of pathogenic bacteria and environmental protozoa
Many publications show the survival and growth of pathogens such as L. pneumophila 
and M. avium in protozoa under laboratory conditions. The isolation of amoeba and 
pathogenic bacteria or closely related species from environmental habitats was successful 
when the co-culture method and amoebal enrichment were used in combination.
Both methods rely on the fact that some bacteria resist digestion by amoebas and grow in 
the amoebas. For the first method, the co-culture method, axenically grown amoebas are 
incubated with the sample which is examined for intracellular bacteria (Adekambi et al., 
2004; Evstigneeva et al., 2009). Samples, usually derived from water supplies or natural
28 Flagellates are characterized by one or two long flagella. Ciliates are protozoa characterized by numerous 
cilia on their cell surface. Flagella and cilia are the same structure but differ in length and abundance.
29 No information is available about the procedure for the isolation from cattle faeces in the two papers 
mentioned.
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water used for identification of bacteria in amoebas always undergo filtration at some 
point during the protocol in order to remove debris and to concentrate the bacteria. After 
several days of incubation the amoebas are examined for internalized bacteria which then 
are identified by selective culture methods or molecular biological methods. For the 
second method, the environmental sample (water or diluted soil samples) is incubated on 
non-nutrient agar plates which are covered with a food bacterium (usually E. coli). After 
several days of incubation pieces of the agar which show a clearance zone are cut out and 
transferred to new non-nutrient agar plates. This step is repeated in order to obtain one 
single amoeba species. This species is then identified and examined for internalized 
bacteria and are further co-cultured with axenically grown amoebas (Thomas et al., 
2006).
A variety of bacteria have been found to survive in protozoa and also many species have 
been isolated and identified in amoeba30 and many are endosymbionts of Acanthamoeba 
(Heinz et al., 2007; Schmitz-Esser et al., 2008). L. pneumophila is the most studied 
bacterium and the survival as well as growth in amoebas has been shown many times. 
Legionella species have been isolated using the amoeba co-culture method from soil 
samples (Newsome et al., 1998), sputum sample (La Scola et al., 2001), hot water pipes 
(Dykova et al., 2009) and L. pneumophila from a hospital water network when co­
cultured with the amoeba H. vermiformis (Thomas et al., 2006). In other studies which 
examined water samples no Legionella spp. could be found (Evstigneeva et al., 2009; 
Pagnier et al., 2008). Mycobacteria were also isolated using amoebal co-culture but only 
nontuberculous mycobacteria could be identified. Wang et al. (2006) and Evstigneeva et 
al. (2009) isolated mycobacterium spp. using amoebas from soil samples. Thomas et al., 
(2006) isolated 27 species of mycobacteria from a drinking water plant using the amoeba 
enrichment method and Adekambi et al. (2004) isolated one mycobacterium species from 
sputum using A. polyphaga co-culture. Tuberculous mycobacteria have not been isolated 
from environmental protozoa yet.
30 Predominately Acanthamoeba species have been used in these studies.
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4.3. Chapter aims
The aims of chapter 4 are as follows:
1. To isolate environmental protozoa from badger latrine samples.
2. To screen these isolated environmental protozoa for acid fast rods.
3. To identify M  bovis in environmental protozoa isolated from badger latrines.
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The list of cultures, media and materials can be found in Appendix 8: Materials (page 
230).
4.4.1. Recovery of A. castellanii cysts
Protozoa have been suggested to occur in soil mostly as cysts (Clarholm, 2005). The 
recovery of A. castellanii cysts from soil using sucrose gradient flotation was attempted.
From an A. castellanii cysts suspension (106, obtained by incubation of trophozoites in 
PAS for 2 weeks at 25°C) 5 ml were mixed with 5 ml of lacto phenol blue (LPB) for 10 
min. The cysts were then washed and counted. The staining with LPB allowed later an 
easier observation of cysts in the haemocytometer after the mixing with soil. 25 g of 
garden soil were weighted into glass bottles and 5 ml of LPB-stained cyst suspension was
added and mixed. For the recovery of cysts 45 ml of water (supplemented with 0.1%
Tween®80) were added and the mixture was shacked for 30sec. The bottle was left on 
the bench to sediment and the supernatant was collected in a centrifugation tube. This 
supernatant was centrifuged for 10 min at 3700 x g. The sediment was added to 
centrifugation tubes containing sucrose solution (1.6M and 2.0M) and after a further 
centrifugation step (10 min/ 3700 x g) the supernatant was filtered through a 5pm nylon 
mesh and washed off with water. The number of cysts in the pellet as well as in the 
filtrate was counted using an Improved Neubauer haemocytometer.
4.4.2. Isolation of environmental protozoa
Samples. Samples were taken from badger setts which were inhabited by bovine 
tuberculosis positive badgers. Three samples were taken on consecutive occasions: 
September 2008, July 2009 and August 2009. The method of isolation was adjusted for
4.4. Materials and Methods
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each sample because the samples varied in consistency and weight. Tab. 19 shows a 
summary over the samples taken, the date of the sampling as well as methods used for the 
isolation and identification of M. bovis.
Tab. 19: Summary of the characteristics of the samples taken from Woodchester Park
Sample A Sample B Sample C
Date Sept 2008 July 2009 August 2009
Type soil from set, latrine latrine
latrine
Name of sets Beech Larch (BL) Beech Larch (BL) Beech Larch (BL)
Beech Septic Tank (ST) Beech Septic Tank (ST)
Beech (B)
Box
Weight used I g 7 - 8 g 50 g
Methods no mesh used mesh (5 and 10 pm) mesh (10 and 20 pm)
7 H llAB* Ziehl-Neelsen stain Ziehl-Neelsen stain
Ziehl-Neelsen stain 7Hl l AB 7 H llAB
^ T T .  ,AU.  HTT1 .
PCR (IS6J10, hsp65) PCR (ISA/70, hsp65)
*7H11 : 7H 11 agar medium supplemented with antibiotics (AB), for composition and concentrations see 
footnote 31, page 157.
4.4.3. Preparation of noil-nutrient agar plates coated with E. coli and nylon 
mesh
Culture and preparation of E. coli. E. coli K12 was grown on a shaker (160 tpm) in 
100 ml LB media at 37°C for 20 hours. The E. coli suspensions were freshly grown and 
prepared before applied on the NN-agar plates. The cells were centrifuged for 30 min at 
3700 x g and resuspended in 10 ml of PAS and centrifuged a second time. Non-nutrient 
agar (NN-agar) plates were prepared according to the CCAP recommendations. From the 
washed E. coli 300 pi were spread evenly on the NN-agar plates’ surface. The pre-cut
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nylon mesh (approximately 2 inch x 3 inch) was placed on the E. coli lawn using a sterile 
spreader without the forming of folds.
4.4.4. Spiking experiments
Two spiking experiments were conducted: for the first garden soil was used and for the 
second sterilised badger latrine sample.
A. castellanii was grown in PPG in tissue culture flasks and after 5 days the layer was 
washed with PAS and the cells scraped off. Three flasks containing soil (20g/ flasks) 
were autoclaved. Two flasks were spiked with 5 ml of A. castellanii cell suspension (105 
trophozoites/ ml) and one soil flask was used as control and 5 ml of PAS instead of 
amoebas were added. All three flasks were incubated for 2 hours at room temperature. 
M  bovis BCG was centrifuged at 3700 x g and the pellet resuspended in PAS and diluted 
to concentration of 103 and 105 CFU/ ml. One amoebas-containing soil flask was spiked 
with 5 ml of 103 CFU/ ml of M. bovis BCG, one soil amoeba-containing flask with 5 ml 
of 105 CFU/ ml of M  bovis BCG. The amoeba-free control flask was spiked with 5 ml of 
the undiluted and washed M. bovis BCG culture (106 CFU/ ml). All flasks were incubated 
for 2 hours at room temperature and the following procedure was the same for all three 
flasks.
After a 2 hours incubation period at room temperature, 35 ml of PAS were added; the 
flasks were shaken by hand for 30 seconds and left on the bench for the soil particles to 
sediment. The supernatant was removed, centrifuged for 10 min at 200 x g and the pellet 
was resuspended in 1 ml of water. The pellet was spread on the NN-agar plates which 
were prepared with E. coli and nylon mesh with the pore size of 10 pm. The plates were 
placed in plastic bags which contained wet paper tissue as a source of moisture, and 
incubated at 20°C for 24 to 48 hours. After the appearance of protozoa on the agar 
surface the mesh was removed and the plates were flooded with 5 ml of 0.5% SDS. After 
5 min the SDS was aspirated and placed in centrifugation tubes. The plates were washed
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with water and aspirated again. The supernatant was centrifuged at 16,000 x g and the 
pellet was plated on 7H11 supplemented with antibiotics.
For the second experiment a badger latrine sample was used as a substrate. The sample 
was divided in 8 g portions and autoclaved in flasks. The procedure was in principle the 
same as described above apart from some differences. The concentrations of M. bovis 
BCG added were 102 and 105 CFU/ ml, respectively. Also, two amoeba-free control 
flasks were incubated with 102 and 105 CFU/ ml, respectively. The mesh used had the 
pore size of 20 pm and the pellet (2 x 500pl) was not only spread on 7H11 but also used 
for Ziehl-Neelsen staining and microscopy (the method is described in chapter 2.5.6, 
page 51). The lightmicrscope photographs were taken using a Digital Microscope Camera 
with a 1 Ox USB standard eyepiece and the ULead® Photo Explorer 7.0 software.
4.4.5. Preparation of latrine samples and procedure
Sample A. From sample A 1 g was weighed into sterile glass ware and 10 ml of distilled 
water was added. The mixture was left at room temperature for 1 h for the soil to soak, 
shaken by hand for about 30 sec and left again for the soil particles to sediment. The 
supernatant was removed, centrifuged for 10 min at 200 x g and the pellet was 
resuspended in 1 ml of water. This 1 ml was distributed in 2 x 500 pi such as 500 pi were 
used for a serial dilution which were finally plated on 7H11 supplemented with 
antibiotics. The other 500 pi were poured over glass slides which were then incubated for 
about 2 hours at room temperature in a dark environment after which the slides were 
washed in PAS and air dried. The air-dried slides were then heat fixed and acid-fast 
stained (the method is described in chapter 2.5.6, page 51). The lightmicroscope 
photographs were taken using a Digital Microscope Camera with a lOx USB standard 
eyepiece and the ULead® Photo Explorer 7.0 software.
The spreading of soil sample on plates with food bacteria is a common method for the 
isolation of amoebas. In case certain species of amoeba are due to be identified, a cube
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would have been cut out of the non-nutrient agar plate and placed up side down on a new 
one. However, this does not allow the isolation of flagellates and ciliates. Therefore the 
non-nutrient agar plates which were covered with E. coli were washed and scraped off 
with a buffered solution only to allow the isolation of motile protozoa as well. Due to the 
high content of soil particles and organic soil contents in the isolated pellet, nylon mesh 
was used for the next samples. The idea behind the use of the mesh was to allow the 
protozoa to migrate towards the food bacteria due to chemotaxis leaving a big part of the 
soil particles behind.
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B-B lA Ringer’s solution added to the sample and shaken for 30 sec by hand.Tube was left on bench to sediment for 5 min. Separation of supernatant and pellet 
by low speed centrifugation.
B
U u u i j u u u u u u  cr u  u  u  □
I
D
Washed E. coli was spread on NN-agar 
plates. Each plates was covered with mesh of 
5, 10 or 20 pm pore size. The pellet was 
spread on these NN-agar plates.
Incubation at 20°C in a wet chamber till 
amoeba migrated on the NN-agar surface.
Removal o f mesh and agar surface washed
G PCR
Aspiration and centrifugation of 
supernatant and resuspendation of pellet 
in water.
One part of the pellet was plated on 7H11 
supplemented with antibiotics and one 
part used for PCR.
Fig. 26: Schematic description of the isolation of M  bovis from environmental protozoa 
isolated from badger set latrine samples. For sample A no nylon mesh was used. Samples 
B and C were processed in the same way with the difference that sample B weighed 
around 7 g, whereas, sample C around 50 g.
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Sample B. Fig. 26 shows the isolation steps used for sample B. From the badger sett 
latrine samples of 7 g were taken and placed into sterile centrifugation tubes. Ringer’s 
solution QA strength) was added to the tube to make up 45 ml (Fig. 26 A). The tubes were 
gently shaken by hand and left on the bench for 5 min. The supernatant was removed and 
placed in a new centrifugation tube and centrifuged at 200 x g for 15 min. The 
supernatant was removed and the pellet spread on the NN-agar plates which were 
prepared with E. coli and nylon mesh with the pore size of 5 pm and 10 pm. Filter tips 
were cropped with sterile scissors in order to be able to pipette the pellet on the NN-agar 
plates. The volume of pellet which was spread on each plate depended on the pellet’s 
consistency (approximately 1 drop per plate) and texture (Fig. 26 B & C). The plates 
were placed in plastic bags which contained wet paper tissue as a source of moisture, and 
incubated at 20°C for 24 to 48 hours. The incubation period depended on the appearance 
of the protozoa on the surface which was monitored by randomly choosing plates and 
lifting the nylon mesh with sterile forceps and observing the protozoa under the light 
microscope (Fig. 26 D).
Some of these plates were spared for acid fast staining. These plates were washed with 
PAS and the surface of the plates gently scraped off in order to detach protozoa. The PAS 
was then poured on glass slides and incubated at room temperature for 2 to 3 hours. The 
slides were then washed in PAS, air dried, heat fixed and stained with the Ziehl-Neelsen 
method. M. bovis BCG culture was used as a control stain. The slides were observed 
under the light microscope and photographs were taken. The procedure of the Ziehl- 
Neelsen is described under methods in chapter 2.5.6 (page 51). The light microscopy 
photographs were taken using a Canon EOS 5D digital SLR camera and the Digital Photo 
Professional software from Canon.
After the appearance of protozoa on the agar surface the mesh was removed and the 
plates were flooded with 5 ml of 0.5% SDS. After 5 min the SDS was aspirated and 
placed in centrifugation tubes. The plates were washed with water and aspirated again. 
The second supernatant was added to the first one and the tubes were centrifuged for 30 
min at max speed 3700 x g. The supernatant was then carefully removed except for
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approximately 1 ml. The pellet was resuspended in the remaining volume and transferred 
into 2.0 ml centrifugation tubes. The purpose of this additional step was to make sure the 
thin layer of pellet was not washed off during the discarding of the supernatant. The 
2.0 ml tubes were then centrifuged at 16,000 x g for 10 min, the supernatant removed and 
the pellet resuspended in water. The washing step was repeated and the pellet finally 
resuspended in 200 pi water (Fig. 26 E & F). These 200 pi were distributed into 2 x 100 
pi: 100 pi were spread on 7H11 plates supplemented with antibiotics31 (7H11AB, 
Groothius and Yates, 1991) and the other 100 pi were used for DNA isolation and PCR 
(Fig. 26 G).
Sample C. Sample C was treated as sample B, with the difference that 50 g of latrine 
sample were used and that the mesh had the pore sizes of 10 pm and 20 pm.
4.4.6. DNA isolation, IS6110 PCR and Restriction Fragment Length 
Polymorphism analysis (PRA)
The aliquots of 200 pi from sample B and C were heated for 10 min at 98°C in order to 
lyse the bacterial cells. After cooling down, the genomic DNA (gDNA) was extracted 
using the QIAmp DNA Mini Kit from Qiagen. For the samples the protocol for the 
purification of gDNA from body fluids was used according to the manufacturer’s 
instructions. M. bovis BCG, in a 10'1 dilution in water was also used for the extraction of 
gDNA and the procedure was the same as for the samples. The concentration of the 
extracted DNA was measured using a NanoDrop spectrophotometer.
M. bovis BCG (107 CFU/ ml) was used to optimise the PCRs. From this a serial dilution 
was made and from each dilution 40 pi were heated at 98°C for 10 min to release the 
genomic DNA from the bacilli. From each dilution step 2 pi for the IS6110 PCR and 
10 pi for the hsp65 PCR were used as DNA template. The components of the PCRs can
31 Antibiotics mix: polymyxin B 200U/ ml, carbenicilin lOOpg/ ml, trimethoprim 10pg/ ml and 
amphotericin B lOpg/ml.
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be found in Appendix 7. The 10'1 dilution of M  bovis BCG was used as a positive control 
for both PCRs, the IS6110 as well as hsp65.
IS 6110 PCR. The IS 6110 PCR was used to target the insertion sequence 6110 (IS 6110) 
which is specific for the M. tuberculosis complex including M. bovis (Dale et al., 1997). 
The primers used for the detection of IS 6110 were INS1 
(CGTGAGGGCATCGAGGTGGC) and INS2 (GCGTAGGCGTCGGTGACAAA) 
which amplify a fragment of 245 base pair (bp) in length between the positions 631 and 
875 of IS6110 (Hermans et al., 1990). The PCR components are shown in Appendix 7 
and water was used as negative control. The PCR conditions were as follows: 5 min at 
94°C, 35 cycles of 30 sec at 94°C/ 30 sec at 65°C/ lmin 30 sec at 72°C followed by 10 
min at 72°C and cooling down to 4°C. From the PCR product 10 pi were mixed with 10 
pi loading buffer and analysed by gel electrophoresis using a 1.5 % agarose gel in TE 
buffer and Gel Red (2.5pl/ lOOpl gel) to visualise the PCR products. DNA Molecular 
Weight Marker IX (0.072-1.35 kbp) was used as a length marker (Roche).
hsp65 PCR and restriction digest. The PCR- restriction fragment length polymorphism 
analysis (PRA) is composed of two parts: a PCR which amplifies a fragment of the heat 
shock protein 65 (hsp65) of mycobacteria and a restriction fragment length 
polymorphism analysis of the amplified fragment (RFLP). The primers T bll 
(ACCAACGATGGTGTGTCCAT) and Tbl2 (CTTGTCGAACCGCATACCCT) 
amplify a product of 439 bp in length between the positions 398 and 836 of the hsp65 
gene. The RFLP includes the restriction digest with the restriction enzymes R?/EII and 
HaeIII. The PCR components are shown in Appendix 7, and water was used as negative 
control. The PCR conditions were as follows: 5 min at 94°C, 45 cycles of 1 min at 94°C/ 
1 min at 65°C/ lmin at 72°C followed by 10 min at 72°C and cooling down to 4°C. 
M. bovis BCG was used to optimise the hsp65 PCR and the product was digested 
according to the protocol of Telenti et al. (1993). From the PCR product 10 pi were 
mixed with 10 pi loading buffer and analysed by gel electrophoresis using a 1.5 % 
agarose gel in TE buffer and Gel Red to visualise the PCR products. DNA molecular 
weight marker IX (0.072-1.35 kbp) was used as a length marker. After the positive
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confirmation of the fragment the restriction digest was performed as described by Telenti 
et al. (1993). The products of the digest were analysed in a 3% agarose gel with TE 
buffer and Gel Red (2.5pi/ lOOpl) gel to visualise the PCR products. DNA molecular 
weight marker IX (0.072-1.35 kbp) was used as a length marker (Roche).
4.4.7. Methods of analysis
The results were analysed as follows:
■ The colonies obtained on 7H11 were expressed as CFU/ ml.
■ The results of the PCRs were evaluated according to the presence or absence of
the correct bands on the gels.
■ The photographs were taken from the protozoa were taken using two different
cameras:
a. Digital Microscope Camera with a lOx USB standard eyepiece and 
ULead® Photo Explorer 7.0 software,
b. Canon EOS 5D digital SLR camera and Digital Photo Professional 
software from Canon.
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4.5.1. Results of recovery of A. castellanii cysts
The results of the sucrose gradient flotation were not satisfactory as the number of cysts 
was similar in both, the supernatant and the pellet. Also, no difference was observed 
between the two different sucrose concentrations. Additionally, remaining soil particles 
blocked the filter and the residuals made the counting of cysts difficult. Therefore, the 
isolation of trophozoites was favoured over the isolation of cysts.
4.5.2. Results of the spiking experiments
In the first experiment two soil-containing flasks were spiked with A. castellanii and 
M. bovis BCG at two different concentrations. From the flask with 103 CFU/ ml M. bovis 
BCG 40 CFU/ ml were recovered (recovery rate of 4.0%) and from the 106 CFU/ ml 
M bovis BCG 3.5 x 102 CFU/ ml were recovered (recovery rate of 0.35%). In order to 
see how many bacilli attach to soil particles and are transported onto the NN-agar plates 
rather than being ingested by A. castellanii; one amoeba-ffee control flask was spiked 
with a high concentration of M  bovis BCG only (106 CFU/ ml). From these 106 CFU/ ml 
of M. bovis BCG, 9.78 x 102 CFU/ ml were recovered, making a recovery rate of 0.10%. 
The recovery rates for the amoeba-containing flasks were higher than in the control flask. 
This indicates that the isolation method is sufficient for the recovery of amoebas- 
containing M. bovis BCG.
In the second experiment autoclaved badger latrine samples were spiked with 
A. castellanii (105 cells/ ml) and two different concentrations of M  bovis BCG, 102 and 
105 CFU/ ml. As controls, two autoclaved badger latrine samples were spiked with 
M. bovis BCG at two different concentrations only (102 and 105 CFU/ ml). The obtained 
pellets were not only used for culturing on 7H11 (as in the first experiment) but also for 
Ziehl-Neelsen staining. In the second experiment no M. bovis BCG could be recovered
4.5. Results
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on 7H11 but acid fast rods were observed in A. castellanii stained with Ziehl-Neelsen. In 
Fig. 27, sub-figures A and C, single acid-fast rods were observed (arrows). In subfigures 
B and C, groups of acid fast bacteria were photographed as groups inside A. castellanii 
(Fig. 27, B and C, circles).
Fig. 27: Light microscopy photographs of A. castellanii trophozoites with internalized 
M bovis BCG. Amoebas are stained blue, acid fast rods purple (arrows) and E. coli is 
stained blue (dashed arrows, sub-figures B and C). Experiment 2 (latrine sample) spiked 
with lCf CFU/ ml M bovis BCG, 20 pm mesh. Total magnification xlOOO.
4 .5 .3 . R esu lts o f  the Z ieh l-N ee lsen  sta in in g  o f  b ad ger sett sam p les
After the attachment to glass slides the isolated protozoa from sample A, B and C were 
stained using the Ziehl-Neelsen stain technique. Protozoa could be isolated from all three
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samples. Amoebas were present in all samples whereas, flagellate protozoa could be 
observed in sample B and C but not in sample A. Although the different badger setts of 
each sample were treated individually no difference could be detected. Therefore the 
results are presented for each sample rather than for each badger sett examined 
individually.
Sample A. The protozoa from sample A were isolated from soil around a badger sett as 
well as one latrine site. The isolated protozoa were amoebas and could be observed in 
groups (Fig. 28, A and B) as well as single cells (Fig. 28, C, D, E). Round, acid fast 
bodies (Fig. 28, B, C and D, black arrows) could be photographed being located in the 
amoebas as well as outside the protozoa. However, no acid fast rods were found in this 
sample.
Sample B. In sample B a variety of amoebas (Fig. 29, A, B and C) as well as motile 
protozoa (possibly flagellates, Fig. 29, D) could be observed. No round, acid fast 
organisms as in samples A could be detected. Two different meshes were used for the 
isolation of protozoa, 5 pm and 10 pm. The protozoa from the 5 pm mesh were of a very 
small size and hardly visible. The counter stain with methylene blue did stain these cells 
only vaguely. The vast abundance of protozoa observed in the sample B had been 
isolated with the 10 pm mesh.
Although protozoa were abundant the occurrence of acid fast microorganisms within 
protozoa or as free microorganisms was a rare event. On two occasions, in one of the 
setts of sample B, Beech Larch (BL), long acid fast rods could be obseived (Fig. 30). On 
five occasions acid fast organisms could be photographed within different amoebas (Fig. 
3 land Fig. 32). In sub- figure A of Fig. 31 several short acid fast organisms can be seen 
in one compartment. In sub- figures B of Fig. 31 and C, D and E of Fig. 32 acid fast 
organisms can be seen as single cells within compartments of the amoebas.
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S am p le C. Like in sample B a variety of protozoa could be observed, different sized and 
shaped amoebas as well as flagellated protozoa (Fig. 33). Although a large number of 
slides were stained and examined no acid fast microorganisms were found in sample C.
E
▼. T
Fig. 28: Light microscopy photographs of the isolated protozoa from sample A. Protozoa 
attached to glass slides were stained with the Ziehl-Neelsen stain technique. Acid fast 
organisms stained purple and non acid fast organisms blue. Sub-figures A and B show 
groups of amoeba surrounded by food bacteria, C, D and E single amoeba. Arrows 
indicate in B, C and D round acid fast microorganism internalised in a blue stained 
amoeba. Dotted arrows in A and E show food vacuoles in amoeba. Total magnification: 
xlOOO.
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F ig. 29: Light microscopy photographs of different protozoa isolated from sample B. 
These figures exemplary illustrate and do show some of the observed and stained 
protozoa from sample B. The slides were stained with the Ziehl-Neelsen stain for which 
methylene blue was used as a counter stain. No acid fast microorganisms can be seen in 
these photographs. Sub-figures A, B and C show amoeba and, D shows motile protozoa 
(red aiTOws). Sample B, set Beech Larch, 10 pm mesh. Black arrows: amoeba with food 
vacuoles; dotted arrows: food bacteria; red arrows: motile protozoa (flagellates). Total 
magnification: xlOOO.
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Fig. 30: Light microscopy photographs of acid fast rods isolated from sample B (black 
aiTows). Other microorganisms were stained blue. Sample B, set Beech Larch, 10 pm 
mesh. Total magnification: xlOOO.
166
■
Fig. 31: Light microscopy photographs of acid fast organisms (purple) localized in 
amoeba (blue) isolated from sample B. A: single amoeba (blue) with acid fast 
microorganisms in a food vacuole (arrow), B: amoeba (circle) with acid fast 
microorganisms in food vacuoles (arrow) surrounded by food bacteria (dashed arrows). 
Sample B, set Beech Larch, 10 pm mesh. Total magnification: xlOOO.
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F ig. 32: Light microscopy photographs of acid fast organisms (purple) localized in 
amoeba (blue, circle) isolated from sample B. Arrows point towards the acid fast rods 
within the amoeba. Sample B, set Beech Larch, 10 pm mesh. Total magnification: xlOOO.
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Fig. 33: Light microscopy photographs of protozoa isolated and stained with the Ziehl- 
Neelsen technique from latrine sample C. Protozoa are stained blue. In sub-figures A and 
C amoeba (black arrows) and motile protozoa (dashed arrows) are visible and in C 
amoebas only (black arrows). Whether the amoeba in D does contain acid fast organisms 
or not can not be clearly seen due to the weak carbol fuchsin stain of the Ziehl-Neelsen 
stain. Sample C, sets Beech Larch and Beech Septic Tank, A and B 10 pm mesh and C 
and D 20 pm mesh. Total magnification: xlOOO.
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4.5.4. Results of 7H11 culture
Aliquots of extracted pellets from samples B and C were diluted in 7H9 medium and 
spread on Middlebrook 7H11AB. The plates were incubated at 37°C and checked every 
week M. bovis BCG was used as a positive growth control for 7H11AB agar plates. Plates 
of sample A and B showed no contamination and plates of sample C showed 
contamination with fungi. No acid fast colonies from either sample A, B or sample C 
could be grown 011 the 7H11 ^  agar plates.
4.5.5. Results of DNA Isolation and PCR
As already mentioned in chapter 4.4.6 (page 122) M. bovis BCG was used to optimise the 
PCRs. The limit of detection for M. bovis BCG was found to be 102 CFU/ ml for IS6110 
and 105 CFU/ ml for hsp65 (Fig. 34). During the IS6110 and hsp65 PCRs of the latrine 
samples, M. bovis BCG in the dilution 10"1 was used as a positive control. Water was 
used as the negative control. The isolated gDNA was used as neat, 10"1 and 10'2 dilutions 
made in autoclaved distilled water. Tab. 20 shows the results of the isolation of total 
genomic DNA (gDNA) from the isolated protozoa and bacteria. The application of a 
mesh with bigger pore size did generally not increase the total yield of gDNA. M  bovis 
BCG was used to optimize the PCRs and as a positive control as well. The concentration 
of gDNA form this M. bovis BCG positive control was 1.1 ng/ pi.
The PRA pattern of M  bovis BCG published by Telenti et al. (1993) is: 245/ 125/ 80 foi­
es'/Eli and 160/ 140/ 70 for HaeIII. A more recent pattern published by Chimara et al.
(2008) however, varies slightly from that of Telenti et al., (1993): 235/ 120/ 85 for iMEII 
and 150/ 130/ 70 for Hae III. The amplification of the 439 bp fragment from IS6110 and 
the 245 bp fragment from hsp65 gene was positive when M. bovis BCG was used as a 
template. The digest of the 245 bp fragment of the hsp65 gene from M. bovis BCG was 
digested successful with BstEII and Haelll and the expected bands could be produced
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(Fig. 35) although the bands correspond rather with the pattern published by Chimara et 
al. (2008) than that published by Telenti et al. (1993).
Both PCRs, IS6110 and hsp65, were negative for all samples and setts tested. Although 
the PCRs were repeated no positive PCR products could be detected. Fig. 36 shows an 
example the PCR results of IS6110 for sample C. The positive control (M. bovis BCG) 
was amplified as expected and the negative control did not show any sign of 
contamination. Since the hsp65 PCR was negative for all samples, the restriction digest 
was not performed.
Tab. 20: Concentrations of genomic DNA from the isolated protozoa and bacteria of the 
badger latrine samples. For the 1S6110 PCR 2 pi of gDNA were used (neat, 10'1 and 10‘2 
dilutions in water) as template and for the hsp65 PCR 10 pi template gDNA was used in 
the same dilution as for the ISA/70 PCR (Appendix 7).
Badger Set / pore size of mesh used to isolate the 
protozoa
Genomic DNA 
concentration
Sample A Beech Larch (BL) no DNA isolation
Sample B Beech Septic Tank (ST)/ 5 pm mesh 8.0 ng/ pi
Beech Septic Tank (ST )/10 pm mesh 19.0 ng/ pi
Beech Larch (BL)/ 5 pm mesh 32.2 ng/ pi
Beech Larch (BL)/ 10 pm mesh 14.6 ng/ pi
Sample C Beech Septic Tank (ST)/ 10 pm mesh 38.8 ng/ pi
Beech Septic Tank (ST)/ 20 pm mesh 91.0 ng/ pi
Beech Larch (B L)/10 pm mesh 40.0 ng/ pi
Beech Larch (BL)/ 20 pm mesh 54.2 ng/ pi
Beech (B )/10 pm mesh 64.2 ng/ pi
Beech (B)/ 20 pm mesh 64.2 ng/ pi
B ox /10 pm mesh 43.5 ng/ pi
Box/ 20 pm mesh 30.5 ng/ pi
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concentrations of M  bovis BCG DNA represent end-concentrations. Sub-figure A: 
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CFU/ ml M. bovis BCG, line 4: 102 CFU/ ml M bovis BCG, line 5 and 6: 101 CFU/ ml 
and 1 CFU/ ml M. bovis BCG, respectively. Sub-figure B: hsp65 PCR, line 1: negative 
control (water), line 2: 104 CFU/ ml AL bovis BCG, line 3 to 5: 103 to 1 CFU/ ml M. bovis 
BCG.
Fig. 35: PRA pattern of M. bovis BCG 
Pasteur digested with 7&/EII and HaeIII.
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4.5.6. Summary
M. bovis BCG was successfully observed in A. castellanii trophozoites isolated from 
spiked badger latrine specimen. This shows that the isolation method presented in this 
chapter is a useful tool in the identification of acid fast bacteria in environmental 
protozoa.
Protozoa were isolated from soil and latrine samples from badger setts. The samples were 
examined using three methods: culturing on 7H11 supplemented with antibiotics, PCR 
and acid fast staining. The acid fast staining revealed that protozoa were isolated 
successfully. The samples were negative for the culture method and the PCR but in one 
sample, sample B, a latrine sample, acid fast rods were observed outside of protozoa and 
acid fast microorganisms inside of amoebas.
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4.6.1. Method
M. bovis could not be identified using the IS6110 and hsp65 PCR method. On one hand 
the presence of inhibitory substances such as humic acids in soil or bile salts in faeces 
(Wilson, 1997) in isolated DNA might be one of the reasons for the negative result of the 
PCRs so that even a sufficiently high concentration of M. bovis would have been difficult 
to detect. On the other hand it is possible that the concentration of M. bovis in the isolated 
protozoa was to low to allow detection. Both, the inhibitory nature of the samples in 
combination with a low concentration of bacilli might have resulted in an increase of the 
limit of detection.
Two other factors might have influenced the limit of detection: firstly, the isolation of 
protozoa did not use any enrichment step as used by others and secondly, an attachment 
of amoebas and M. bovis to soil particles cannot be excluded. As reviewed in the 
literature (chapter 4.2, page 122) the screening for pathogenic bacteria in protozoa 
involves either the addition of a known amoeba to a soil or water sample (amoebal co­
culture, AC) or the isolation of environmental amoebas from the samples which is to be 
examined (amoebal enrichment, AE) or both methods are combined (Fig. 37). The 
amoebal enrichment aims at the isolation of different amoebal species, whereas the 
amoebal co-culture method aims at the increase of bacteria concentration. The isolation 
methods rely on the fact that some intracellular bacteria resist digestion by the amoeba 
and grow intracellularly. The presence of amoeba resistant bacteria is monitored by the 
cytopathic effect resulting from the intra-amoebal growth of the bacteria.
4.6. Discussion
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An amoebal enrichment step would have been disadvantageous for three reasons: firstly, 
in order to amplify the number of internal M. bovis the isolation temperature would have 
had to be increased from 20°C to at least 32°C to allow growth of tuberculous 
mycobacteria. This however, would have shifted the protozoa community towards 
thermotolerant protozoa which otherwise would have been be only present in low 
numbers. Secondly, the enrichment of M. bovis in environmental protozoa requires the 
growth of the bacilli in protozoa which has not been shown yet. Thirdly, an increase of 
temperature would have likely encouraged the growth of other amoeba resistant bacteria, 
environmental mycobacteria as well, which are fast growing in comparison to M. bovis 
which is a slow grower, and would therefore been disadvantaged in a mixed culture. The 
decision to work at 20°C, a temperature close to environmental conditions, decreases the 
chance to detect M. bovis, due to a lack of intra-amoebal growth, but does offer the 
advantage of a more realistic picture of the protozoa community, not only amoeba but 
flagellates and ciliates as well (Fig. 37), in the samples.
The method in this thesis involved the washing and centrifugation of soil and latrine 
samples as well as a separation of protozoa from soil particles. It can be assumed that 
only a portion of all protozoa was isolated since especially amoebas attach strongly to 
soil particles diminishing the range of isolatable protozoa. Furthermore, mycobacteria 
have very hydrophobic cell membranes and an attachment to soil particles or organic 
matter in the samples can not be excluded (Dhand et al., 2009). If the mycobacteria 
happened to have been attached to rather large particles (stones, sand) or organic matter 
(leaves, twigs, seeds), then these were removed during the first steps of the isolation 
protocol, lowering the concentration of bacilli in the final pellet furthermore.
Living E. coli was used to attract protozoa onto the agar surface. That the protozoa 
ingested the food bacteria is very likely and it can be suggested that the uptake of E. coli 
lead to the egestion of already ingested bacteria from the samples. This can not be 
excluded but for L. pneumophila ingested by amoeba however, it has been shown that 
under experimental conditions the amoebas retained Legionella while ingesting E. coli
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(Declerck et al., 2005). However, whether this might also be the case with mycobacteria 
is not known.
4.6.2. Excretion of M. bovis
Although the setts, from which the samples were derived, were all positive for infected 
badgers, the samples themselves represent single time point samples of various latrine 
locations within the area of the setts. Although badgers can excrete a high number of 
bacilli with their urine (about 105 CFU/ ml) and less with their faeces (103 CFU/ ml), 
only animals with advanced tuberculosis actually excrete bacilli this way (Gallagher and 
Clifton-Hadley, 2000; Phillips et al., 2003). Courtenay et al. (2006) found that only
11.5% of badger populations (Woodchester Park, Gloucestershire and Wytham Woods, 
Oxfordshire) were excreting bacilli. It might be that samples A and C chosen for this 
thesis were not used by any bacilli excreting badger at the moment the samples were 
taken but sample B was provided by a bacilli excreting animal.
4.6.3. Occurrence of acid fast microorganisms in protozoa
In sample A, acid fast round bodies were observed in amoebas (Fig. 28, page 122). Apart 
from mycobacteria several other organisms can be stained acid fast: bacteria such as 
Nocardia spp. and Rhodococcus spp. but also oocysts of Cryptosporidium, Isospora and 
Cyclospora which are intestinal parasitic protozoa (Kreier and Baker, 1987). However, 
Nocardia and Rhodococcus bacteria are only partially acid fast meaning that a modified 
decolourizing solution lacking alcohol needs to be used in order to see these bacteria as 
purple rods. Cyclospora oocysts are large round cells of about 10 pm and Isospora 
oocysts are oval shaped and about 30 pm long. The presence of these two organisms can 
be excluded due to their large size. Oocysts of Cryptosporidium however, have a cell size 
of about 4 pm which is small enough to be taken up by amoeba shown in (Fig. 28, 
page 122). Nonetheless, a definitive identification of the round, acid fast bodies can not 
achieved by mere observation of the slides especially since the size of the amoebas
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isolated from the latrines can only be estimated. Gomez -Couso et al. (2007) reported that 
Acanthamoeba isolates ingested Cryptosporidium parvum oocysts and egested these 
again during a 96 h observation period. The authors suggested that Acanthamoeba as well 
as other protozoa might act as vehicles for the transport of C. parvum oocysts. Although 
the nature of the acid fast cysts found in this sample is not clear, the finding is not 
surprising since badgers, and especially cubs are host of parasites (Massey et al., 2009). 
However, the data by Gomez -Couso et al. (2007) were the result of in vitro experiments 
and the results of sample A actually show clearly that amoeba might very likely harbour 
parasitic cysts in vivo.
In sample B acid fast rods were observed outside protozoa and acid fast microorganisms 
inside of protozoa. The resolution of the microscope did not allow an exact determination 
of the shape of the internal microorganisms. However, under experimental conditions the 
appearance of M. bovis after acid fast staining is rod shaped but the appearance of 
M. bovis recovered from badger faeces is not known and it is possible that the shape is 
altered. M tuberculosis, like other mycobacteria can appear pleomorphic under 
starvation, appearing not as rods but rather as small round cells (Nyka, 1974; Ojha et al., 
2000). This is also thinkable for M  bovis and it is possible that the obseived acid fast 
microorganisms might represent such pleomorphic forms of mycobacteria.
To discuss these observations a comparison to the identification of acid fast mycobacteria 
in sputum might be useful. Sputum smears can be prepared in several ways prior to acid 
fast staining: for example without any treatment, with just a centrifugation step or after a 
decontamination procedure. If acid fast rods are observed in the smear then concentration 
of 104 CFU/ ml sputum can be assumed (Allen and Mitchison, 1992). However, the 
sensitivity of the Ziehl-Neelsen staining technique can vary between 45% and 75% for 
samples which are M. tuberculosis culture positive (Warren et al., 2000). The 
photographic results from the second spiking experiment were obtained from the flasks 
spiked with 106CFU/ml BCG (Fig. 27, page 122). This concentration is in accordance 
with minimum concentration (104 CFU/ ml) estimated to be necessary for a positive 
identification of M  tuberculosis sputum samples. This indicates that the Ziehl-Neelsen
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staining technique is a useful tool for the identification of acid fast microorganisms in 
protozoa isolated from environmental samples. That samples A and C were negative for 
acid fast rods might be due to the absence of sick animals using the latrine or due to 
concentration of bacilli below the limit of detection. The fact that acid fast rods were 
observed in sample B, sett Beech Larch, implies that this latrine was visited from a bacilli 
excreting animal. Whether these rods are M. bovis can not be determined as other 
mycobacteria might be present in faeces of animals and soil as well.
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4.6.4. Conclusions
Although the method for the isolation of protozoa was shown to be sufficient and 
successful for the identification of M. bovis BCG in spiked samples, the identification of 
virulent M. bovis in badger latrine samples was not successful. The screening of a higher 
number of protozoa might increase the probability of isolating protozoa which contain 
mycobacteria. Additionally, a higher number of setts need to be examined and especially 
from animals which are known to excrete M. bovis. Inhibitory residuals from the faeces 
and from soil might have influenced the results of the PCR. To improve the results of the 
PCR a recovery of M. bovis using immunobeads from the protozoa pellet is 
recommended (Sweeney et al., 2006). To improve the detection of M  bovis on slides the 
use of the fluorescent in situ hybridisation technique might be useful. This would also 
allow the screening of a higher number of slides.
The identification of acid fast microorganisms inside environmental protozoa from a 
badger latrine sample indicates that mycobacteria might indeed be present in 
trophozoites. However, the bacilli in the faeces need to be present in high numbers as to 
be able to identify them in protozoa. The isolation method shown in this chapter might be 
a useful tool for the identification of acid fast rods in environmental protozoa.
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5. General Discussion
5.1. Modelling the fate of M. bovis in protozoa
Before discussing the possible impacts of environmental protozoa on the transmission of bovine 
tuberculosis or their possible role as a reservoir for M. bovis in the environment, the fate of 
M. bovis in protozoa needs some clarification (Fig. 38). The results presented in this thesis as 
well as published data (Taylor et al., 2003; Hagedom et al., 2009) suggest that the avirulent M 
bovis strain BCG undergoes a different cellular pathway from virulent M. bovis. The following 
pathways can be suggested for virulent M. bovis, but it is likely that variations occur among 
different protozoa groups:
■ M. bovis is phagocytosed by protozoa although the extent might vary between different 
protozoa species. Whether virulent M  bovis arrest the phagosome maturation as it does in 
macrophages is not known but it is likely that this is the case as shown for M. avium (Cirillo, 
1997; Fig. 38, A). The expulsion of L. pneumophila, different mycobacteria and F. tularensis in 
form of vesicles was shown by Berk et al. (1998), Adekambi et al. (2006) and Abd et al. (2003), 
respectively, which indicates that this mechanism is not limited to one species of bacterium. 
Furthermore, a mechanism of defecation in protozoa enables these to expel undigestible food 
particles, residuals of food bacteria as well an overload of phagocytosed particles (Bowers and 
Olszewski, 1983; Chastellier and Ryter, 1977; Nilsson, 1987). It can be suggested that the vesicle 
observed by Berk et al. (1998) or Adekambi et al. (2006) are in fact defecation vesicles. 
Mycobacteria are considered non-digestible, which explains their survival in protozoa, and it is 
likely that protozoa also exocytose M  bovis also from the cells (Fig. 38, B).
■ Some M  bovis however, might be able to persist in the trophozoites much longer due to a 
translocation into the cytosol (Fig. 38, C). hi M. bovis, the ESAT-6/ CFP-10 proteins might be a 
significant mechanism involved in this translocation, but environmental mycobacteria might 
have additional mechanisms. Hagedom et al. (2009) could show that D. discoideum ejects 
M, tuberculosis from trophozoites. This mechanism depended on ESAT-6 as well as on RacH, a
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guanosine triphosphatase (GPTase) of D. discoideum. RacH is a member of the Rho GPTase 
familiy which is foimd in all eukaryotic cells and which is involved in endocytosis, formation of 
filaments, or cell division (Jaffe and Hall, 2005). The mechanism described by Hagedom et al.
(2009) has not been shown for other protozoa but it is possible that a similar mechanism exists 
because the underlining mechanisms described are conserved among eukaryotes (Fig. 38, D). In 
that case a transmission of M. bovis from one trophozoite to another is thinkable (Fig. 38, E).
■ Unlike macrophages, trophozoites encyst under unfavourable conditions. The formation 
of cysts involves the reduction and exocytosis of cellular content and autophagy has been 
suggested to be a part of the encystment process (Bowers and Korn, 1969; Moon et al., 2009). 
During the formation of auto-phagosomes, parts of the cytosol are enclosed by an auto­
phagosome isolation membrane, which then fuses with lysosomes (Fig. 38, F). In macrophages 
this pathway leads to the killing of M. tuberculosis. M. bovis bacilli, previously translocated into 
the cytosol, enclosed into the auto-phagosome and then hilly exposure to an acidified 
environment, are unlikely to be killed by protozoa but might experience some compromising of 
the cell wall’s integrity leading to a decrease of their long term survival (Fig. 38, G).
■ It can be suggested that mycobacteria internalized into the cytosol are exocytosed from 
the cells during encystment. During encystment parts of the cytosol (including for example 
indigestible latex beads too) can be trapped between the walls (Bowers and Korn, 1969; Stewart 
and Weisman, 1972). This is also likely to happen when M. bovis is internalised into the 
trophozoites, resulting in the expulsion of most of M. bovis cells but also the occasional trapping 
in the cysts (Fig. 38, H).
The model suggested here for the interaction of M. bovis with amoeba can be summarised as 
follows: firstly, M. bovis might persist in trophozoites and be transferred from amoeba to 
amoeba, spreading the infection within the amoebal community. And secondly, the encystment 
process of amoebas might rather expose M  bovis to the environment then protect the bacilli.
^ 
V
ir
ul
en
t
Tr
op
ho
zo
ite
 
 
 
M.
 b
ov
is
183
Fi
g. 
38
: 
Pr
op
os
ed
 
pa
th
w
ay
s 
of 
av
iru
le
nt
 a
nd
 
vi
ru
le
nt
 M
. 
bo
vis
 
in 
pr
ot
oz
oa
. 
Ph
: 
ph
ag
os
om
e,
 L
y:
 l
ys
os
om
e,
 P
h-
Ly
: 
ph
ag
o­
ly
so
so
m
e,
 A
ut
o-
Ph
: 
au
to
-p
ha
go
so
m
e 
iso
lat
io
n 
m
em
br
an
e,
 A
ut
o-
Ph
-L
y:
 a
ut
o-
ph
ag
os
om
e,
 N
u:
 n
uc
le
us
.
184
5.2. Can protozoa be an environmental reservoir for M. bovis?
The persistence of environmental mycobacteria as well as virulent M. bovis in A. castellanii has 
been shown and it has been suggested that environmental protozoa might act as a reservoir for 
M. bovis (Taylor et al., 2003). The results of this thesis (chapter 2, page 41) suggest that protozoa 
have a negative impact on the survival of M. bovis. Firstly, it was hypothesised that protozoa 
might contribute to the survival of M  bovis. The incubation of M. bovis with A. castellanii and 
T. pyriformis indicate that protozoa do not support the long term survival of M. bovis. In 
contrary, Acanthamoeba very likely contributes to the more rapid decrease of M. bovis. 
Secondly, it was hypothesised that the incorporation of bacilli in protozoa cysts protects the 
bacteria from environmental stress factors. No such effect could be shown. Although not 
statistically significant, an increased sensitivity to stress due to the interaction with protozoa can 
be suspected. This corresponds with the results from the long-term survival experiments of 
chapter 2.6, (page 53) which in case of Acanthamoeba showed that the amoeba had a negative 
effect on M. bovis. Soil harbours a variety of protozoa and if Acanthamoeba has a negative 
effect, it can be expected that this effect is enhanced by the protozoa community in soil leading 
to a more rapid inactivation of M. bovis in the environment. Together with other factors such as 
sunlight and elevated temperatures, protozoa are very likely to contribute to the clearance of 
infectious M. bovis from the environment.
When discussing the possible relationship between protozoa and M  bovis some attention needs 
to be paid to the occurrence of pathogenic protozoa in mammalian hosts. The means by which 
protozoa might act as reservoir and/ or transmission vehicles are not clear but the pathogeneses 
of Acanthamoeba and other protozoa might help to clarify this question in some points. 
A. castellanii is a good model because it is an opportunistic pathogen and a widely occurring 
environmental protozoon. Protozoa can enter the host via the digestive tract, like intestinal 
parasitic protozoa do, via the nasal cavity, like Naegleria fowleri and A. castellanii species, and 
also via skin injuries and especially for A. castellanii via comeal injuries. Although in humans 
eye infections are the most common infections with A. castellanii, infections of the brain 
(granulomatous Acanthamoeba encephalitis) also occur. For the latter, one route of transmission 
is via the nasal route, to the lungs and from here though the olfactory neuroepithelium into the
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blood stream. Another route of infection is the skin where amoebas can colonise skin tissue, after 
skin injuries, and spread from here into the blood stream. When granulomatous Acanthamoeba 
encephalitis occurs the central nervous system is the mainly affected tissue but other tissues, like 
liver and lymph nodes can be affected as well (Khan, 2007).
As protozoa are widely spread and mycobacteria can occur in trophozoites it can be suggested 
that skin trauma, like bite woimds, offer a good entry point for M. bovis infected, opportunistic 
protozoa from contaminated soil. Another entry point might be the lungs where the colonisation 
of tissue offers a good ground for an infection with M. bovis. At least from human hosts it is 
known that even if Acanthamoeba cells are often found in the nasal cavity, Acanthamoeba can 
take weeks to months (Sriram et al., 2008) to spread through the body before causing infection. 
This might also be suggested for animals which get infected through bite wounds: bacilli- 
infected protozoa cells would need a long period of time before establishing infection.
The prevalence of amoeba infection in animals is not known although the infection of cattle with 
N. fowleri has been reported (Daft et al., 2005). A low number of infected trophozoites would be 
required to establish infection via aerogenic transmission since 10 CFU/ ml of bacilli are 
sufficient to achieve infection in cattle (Chambers et al., 2001). The transmission via ingestion 
however requires large numbers of bacilli due to the gastric acid which deactivates mycobacteria. 
It is unlikely that trophozoites survive the gastric acid and reach the intestine in a sufficient 
number, assuming that they contain M  bovis, to cause infection. Although, the uptake of soil by 
cattle is documented and soil ingestion can be up to 18% of ingested dry matter per day 
(Beresford and Howard, 1991) with cattle showing a pasture dry matter intake of -6  to 16 kg per 
day (Vazquez and Smith, 2000), the infection via contaminated soil however, requires a high 
number of bacilli in the soil of a larger area since cattle do not graze on one spot only.
5.3. Other environmental reservoirs for M. bovis
The excretion of M. bovis by wildlife and cattle sets M. bovis free which poses a risk of infection 
for non-infected animals. Badgers, cattle as well as deer do not dig in their faeces as other 
animals do. M. bovis is therefore, rather to be found on the surface of soil and their high
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hydrophobicity makes it unlikely that they leach into the deeper soil layers. M. avium subsp. 
paratuberculosis was shown to be retained up to 90% by sandy and clay soil due to its negatively 
charged cell surface (Bolster et al., 2009; Dhand et al., 2009). However, since protozoa also 
occur* in the upper layer of soil it is likely that they can act as a temporary vehicle for M. bovis, 
bringing the bacilli deeper into the soil where they are protected from UV and desiccation but are 
exposed to protozoan population as well as other bacterial populations.
The diet of the badger varies according to environmental geographical conditions. In Ireland the 
badgers feed mainly on insects whereas, in the UK they feed on earthworms (Cleary et al., 2009). 
Mycobacteria can occur in earthworms when these come into contact with contaminated manure 
(Fischer et al., 2003). Earthworms themselves feed on organic matter and microflora which 
includes protozoa and their cysts. Since vegetative cells of protozoa are digested by the 
earthworms (Cai et al., 2002) but their cysts are not it can be suggested that internalized bacilli in 
trophozoites can be set free by the earthworms or transferred to wildlife in case the earthworms 
are being eaten up by predators. Cysts are not digested by earthworms (Bonkowski and Schaefer, 
1997) and infected cysts can either be excreted into the enviromnent or in case the earthworms 
are being digested by predators, transmitted to wildlife. Whether cysts of environmental protozoa 
can be damaged by the digestive tract of wildlife is not clear.
Insects have also been shown to carry mycobacteria (Fischer et al., 2005) and faeces attract 
insects. Wildlife as well as cattle is always surrounded by insects and it is reasonable to think 
that insects such as bugs and flies, which had contact with infected faeces, may carry these over 
to wildlife. Cattle however, avoid badger faeces but a deposition of infected badger faeces on the 
nostrils and mouth by flies might result in an intake of infected material. Badgers visit cattle 
farms and contaminate food and drinking water facilities with faeces and urine. The animals are 
interested in the food available on the farms but also in the insects (Eristalis species) and small 
animals available on manure and slurry (Garnett et al., 2002). E. tenax was identified as a 
potential source of infection with mycobacteria on pig farms (Fischer et al., 2006) but whether 
insects can actually transmit infection is not clear.
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M. bovis appears not only in animals where it causes disease but in their close environment also. 
But whether this shedding into the environment and the following interaction with other 
microorganisms is a significant event is questionable. The transmission of M. bovis via protozoa, 
earthworms or insects has not been shown yet. Even if the transmission of M. bovis via 
earthworms and insects is hypothetically possible, one needs to keep in mind that the infectious 
dose for transmission in cattle by ingestion is very high (104 CFU to 105 CFU) (Palmer and 
Waters, 2006) in comparison with the aerogenic transmission (< 10  CFU) (Chambers et al., 
2001). Earthworms are the main source of food for the British badger and it has been reported 
that they eat between 130 and 200 per night (Kruulc, 1978). The transmission of M. bovis via 
earthworms however, would require a massive infestation of soil and organic matter in order for 
the earthworms to be able to ingest sufficiently high numbers of bacilli. Furthermore, it is 
unlikely that all infectious earthworms occur in one single spot on the foraging ground of the 
badger. It is more likely that the earthworms contribute to the dispersal of bacilli, so rather 
leading to a “dilution” of M. bovis bacilli from infected faeces or contaminated organic matter, 
into the environment. This would further decrease the probability that animals ingest sufficiently 
high numbers of bacilli in order to establish infection. Insects, like earthworms, might be carriers 
of M  bovis but whether that would be sufficient to cause infection is speculative.
5.4. Habitat-specific interactions between protozoa and bacteria
A. castellanii and A. polyphaga are the most used amoebas to study the interaction and the 
survival of mycobacteria with protozoa. This however, has the disadvantage of using 
environmental protozoa whose contact with the pathogens might be limited, simply due the fact 
of spatial separation. So for example hot water taps, which indeed might provide a suitable 
milieu for the growth of environmental mycobacteria in protozoa but which are a rather special 
exceptional location because it is a man made environment Considering this, the use of protozoa 
which naturally share the same natural environment with M. bovis might present a more 
promising approach.
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Published data suggest that interaction occur between pathogenic bacteria and protozoa which 
share a living environment. For example the parasite E. hystolytica has been shown to ingest 
V. cholerca and intestinal bacteria (Jain et al., 2006; Mirelman et al., 1986). Another example for 
the interaction of bacteria and protozoa which share a similar environment is Trichomonas 
vaginalis and Mycoplasma hominis (Dessi et al., 2005). Worth noting is also the work of 
(Wildschutte and Lawrence, 2007) who isolated protozoa and S. cnterica from cold blooded 
animals. They found that the isolated protozoa preferred feeding on S. enterica serovars which 
had been isolated from the same environment as the protozoa. These examples accentuate that 
the interaction between protozoa and bacteria can be specific and might differ from one 
environment to another.
Some protozoa are parasites of wildlife and badgers (Sturdee et a l, 1999; Massey et al., 2009) 
and the cyst stage is an important part of their transmission between hosts. It can be suggested 
that infected cysts of gut parasites offer a much better opportunity for the transmission of 
M bovis via the digestive tract than environmental protozoa do. It would be very interesting to 
co-incubate M. bovis with intestinal parasitic protozoa and investigate the occurrence and 
viability of the bacilli in their cysts (the transmissible form). Since parasitic gut bacteria grow at 
the same temperature as M. bovis it is also reasonable to ask the question whether these parasites 
support the growth of M. bovis or not.
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In first part of this thesis the long term survival of M. bovis in two protozoa, A. castellanii 
and T. pyriformis was studied. The second part examined whether the internalisation of 
M. bovis in A. castellanii cysts might protect the bacilli form chlorination and 
desiccation. In the third part the isolation and identification of M. bovis from 
environmental protozoa was attempted. The results allow the following conclusions:
A. The incubation of virulent M. bovis with A. castellanii had a negative effect on the 
long term survival of virulent M. bovis.
B. This effect could not be shown for T. pyriformis.
C. Avirulent M. bovis BCG showed in A. castellanii no significant different survival 
time than the corresponding controls. In contrary to the amoebas, in T. pyriformis, 
BCG survived longer than in the controls.
D. M. bovis BCG survived up to 3 months, whereas virulent strains survived up to 
5 Vi months in the presence of protozoa.
E. Virulent M. bovis survived with concentrations between 5 and 6 log for at least 
7 V2 months in buffered solutions. The storage of M. bovis in buffered solution, at 
room temperature, in a dark environment can be recommended for the maintenance 
of viable suspensions.
F. It could not be shown that the internalisation of M. bovis in A. castellanii cysts 
protected the bacilli from hypochlorous acid and desiccation.
G. The identification of acid fast rods in environmental protozoa is possible althouth 
the positive identification of M. bovis might strongly depend on the excretion of 
bacilli by an infected animal.
6. Conclusions
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In the course of this thesis certain questions arose which need further clarification: it is 
not clear which abiotic factors influence the survival of M. bovis in the environment. In 
order to clarify the effect of abiotic factors (temperature, soil pH, water content, soil type) 
as well as biotic factors (other bacteria, protozoa, metazoa) it can be suggested to load 
M. bovis straight into the soil environment of choice.
How long does M. bovis persist in trophozoites and to what extent? The results of this 
thesis and of published data suggest that the two different forms of protozoa, trophozoite 
and cyst, might have different effects on M. bovis. Under conditions favourable for 
environmental protozoa it is likely that the number of bacilli per amoeba decreases with 
time, as M. bovis does not grow at ambient temperatures. It would be important to clarify 
this question because in case M. bovis persists a long time within protozoa a spreading of 
the bacilli by the protozoa is thinkable.
Unclear is also the question about the concentration of bacilli in cysts. This is important 
since it would clarify whether infected cysts can be a source of infection as well as 
whether they contribute to the spread of infectious diseases in the environment or not.
As shown for M. marinum and M. tuberculosis in D. discoideum and macrophages (van 
der Wei et al. 2007; Hagedorn et al., 2009), mycobacteria can translocate into the cytosol. 
It is likely that M. bovis does the same in D. discoideum and it would be necessary to 
establish whether this is a universal mechanism shared by all protozoa or one limited to 
certain species.
Whether M. bovis is able to grow in amoebas or protozoa in general is not known. This 
question needs some clarification. Therefore the use of a thermotolerant or thermophilic 
protozoon which grows at 32°C to 37°C can be suggested, instead of an environmental 
one and incubate that with M. bovis.
7. Future work
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Of interest also would be to see whether M. bovis is able to grow in E. histolytica, an 
intestinal protozoon. An occurrence of M. bovis and possible growth in E. histolytica 
would by-pass the negative effect of exposing the bacilli to environmental conditions like 
UV and dehydration. That would offer M. bovis a better environmental reservoir than soil 
protozoa might do.
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Appendix 1: Initial concentrations of M. bovis (log) used in the chlorination and 
desiccation experiments. In order to compare the reduction rates the data had to be 
normalized first. The ratio between M. bovis in the control and M. bovis (CFU/ ml) in the 
cysts [(M.b. / A.c.) factor] was calculated for each strain and each experiment. The 
M. bovis (CFU/ ml) in the cysts were then multiplied with this factor and the results 
transformed into logarithm. The resulting log data for the cysts were the same as in the 
controls. This procedure aimed to normalize the data and was used to transform the 
original CFU for each data point. An example is described below the table.
9. Appendices
Chlorination experiments Desiccation experiments
1 2 3 1 2
M, bovis 10772 (control) 6.61 6.59 7.07 7.28 6.86
M. bovis 10772 (cysts) 6.11 6.00 6.11 6.41 6.56
(M.b./ A.c.) factor 3.15 3.90 9.14 7.31 2.03
M. bovis 3129 (control) 7.11 7.26 7.29 7.32 7.07
M. bovis 3129 (cysts) 6.65 7.18 5.56 6.08 6.54
(M.b. / A.c.) factor 2.89 1.18 53.61 17.50 3.37
M. bovis 7926 (control) 7.20 6.90 7.26 7.17 7.91
M. bovis 7926 (cysts) 6.51 6.68 6.68 6.65 5.00
(M.b./ A.c.) factor 5.00 1.67 3.83 3.29 810.00
Example: Before the transformation of the data:
M. bovis 10772 (control; CFU/ml):4.10e+06 (log 6.61)
M  bovis 10772 (cysts; CFU/ ml): 1.30e+06 (log 6.11)
(M.b./ A.c.) factor: (4.10e+06/ 1.30e+06)= 3.15
After the transformation of the data:
M. bovis 10772 (control; CFU/ ml):4.10e+06 (log 6.61)
M bovis 10772 (cysts; CFU/ml)= (1.30e+06) * 3.15= 4.10e+06 (log 6.61)
M.b.: M. bovis; A.c.: A. castellanii (M.b. / A.c.) factor: (MbC CFU/ ml)/ (MbAc CFU/ ml)
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Appendix 2: Loss o f volume (pi) o f the vented as well as the non-vented control flasks
dming the desiccation period of 10 weeks at 20°C.
M. bovis 10772 M. bovis 10772 in A. castellanii cysts
Time 1. Experiment 2. Experiment 1. Experiment 2. Experiment
(weeks) Sample Control Sample Control Sample Control Sample Control
0 0 0 0 0 0 0 0 0
2 nd nd 510 110 nd nd 450 120
4 1000 220 900 160 1000 220 820 180
6 1000 310 1000 280 1000 300 1000 330
8 1000 400 1000 430 1000 415 1000 390
10 1000 540 1000 590 1000 550 1000 570
M. bovis 3129 M. bovis 3129 in A. castellanii cysts
Time 1. Experiment 2. Experiment 1. Experiment 2. Experiment
(weeks) Sample Control Sample Control Sample Control Sample Control
0 0 0 0 0 0 0 0 0
2 nd nd 470 140 nd nd 570 130
4 1000 240 890 190 1000 220 900 210
6 1000 306 1000 300 1000 312 1000 333
8 1000 395 1000 420 1000 402 1000 430
10 1000 550 1000 590 1000 550 1000 650
M. bovis 7926 M. bovis 7926 in A. castellanii cysts
Time 1. Experiment 2. Experiment 1. Experiment 2. Experiment
(weeks) Sample Control Sample Control Sample Control Sample Control
0 0 0 0 0 0 0 0 0
2 540 120 680 130 540 110 670 120
4 1000 210 1000 290 1000 210 1000 260
6 1000 340 1000 430 1000 340 1000 430
8 1000 450 nd nd 1000 430 nd nd
10 1000 640 1000 650 1000 660 1000 670
n.d.: not determined
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Appendix 3: Loss o f volume (%) o f the vented as well as the non-vented control flasks
during the desiccation period of 10 weeks at 20°C.
M. bovis in controls 
(vented flasks)
M, bovis in controls 
(non- vented flasks)
Loss of Loss of
Time (weeks) Mean STDEV volume (%) Mean STDEV volume (%)
0 0.0 0 0 0.0 0 0
2 550.0 91.29 55.00 125.0 12.91 12.50
4 965.0 54.31 96.50 218.3 44.46 21.83
6 1000.0 0 100.00 327.7 53.75 32.77
8 1000.0 0 100.00 419.0 22.47 41.90
10 1000.0 0 100.00 593.3 45.02 59.33
M. bovis in cysts M. bovis in cysts
(vented flasks) (non- vented flasks)
Loss of Loss of
Time (weeks) Mean STDEV volume (%) Mean STDEV volume (%)
0 0.0 0 0 0.0 0 0
2 557.5 90.69 55.75 120.0 8.16 12.00
4 953.3 76.59 95.33 216.7 25.82 21.67
6 1000.0 0 100.00 340.8 46.11 34.08
8 1000.0 0 100.00 413.4 17.54 41.34
10 1000.0 0 100.00 608.3 57.42 60.83
MbC: M. bovis in control; MbAc: M. bovis in cysts; STDEV: standard deviation
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Appendix 4: Reduction rates for M  bovis 10772 in controls and cysts after 10 weeks of
dehydration at 20°C.
Reduction rate [Log (N 0 weeks/ Nt weeks)] for M. bovis 10772 (control)
Time (weeks) Experiment Experiment
1 2
vented non- vented vented non- vented
TO 0 0 0 0
T2 n.d. n.d. 1.06 1.52
T4 1.41 0.30 1.56 0.24
T6 2.64 1.37 4.38 1.29
T8 2.68 1.08 n.d. n.d.
T10 >7.28 7.20 >6.86 2.58
Reduction rate [Log (N 0 weeks/ Nt weeks)] M. bovis 10772 (cysts)
Time (weeks) Experiment Experiment
1 2
vented non- vented vented non- vented
TO 0 0 0 0
T2 n.d. n.d. 0.27 0.87
T4 1.51 0.46 >6.86 0.93
T6 4.57 0.79 >6.86 1.51
T8 5.42 0.97 n.d. n.d.
T10 >7.28 1.91 >6.86 2.35
N: CFU/ ml; N t: CFU/ ml at an indicated time in weeks; n.d.: not determined
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Appendix 5: Reduction rates for M  bovis 3129 in controls and cysts after 10 weeks of 
dehydration at 20°C.
Reduction rate [Log (N 0 weeks/ Nt weeks)] for M. bovis 3129 (control)
Time (weeks) Experiment Experiment
1 2
vented non- vented vented non- vented
TO 0 0 0 0
T2 n.d. n.d. 0.08 1.99
T4 1.40 0.83 0.31 0.48
T6 2.71 0.94 > 7.07 0.71
T8 2.49 0.60 n.d. n.d.
T10 >7.32 0.94 > 7.07 1.24
Reduction rate [Log (N 0 weeks/ Nt weeks)] M. bovis 3129 (cysts)
Time (weeks) Experiment Experiment
1 2
vented non- vented vented non- vented
TO 0 0 0 0
T2 n.d. n.d. 0.50 0.31
T4 0.07 1.04 1.37 0.92
T6 >7.32 1.46 3.84 1.05
T8 4.38 1.24 n.d. n.d.
T10 >7.32 1.70 >7.07 1.54
N: CFU/ ml; N.t: CFU/ ml at an indicated time in weeks; n.d.: not determined
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Appendix 6: Reduction rates for M  bovis 7926 in controls and cysts after 10 weeks of
dehydration at 20°C.
Reduction rate [Log (N 0 weeks/ Nt weeks)] for M. bovis 7926 (control)
Time (weeks) Experiment Experiment
1 2
vented non- vented vented non- vented
TO 0 0 0 0
T2 0.08 0.24 >7.91 -0.68
T4 1.58 0.91 >7.91 -0.23
T6 >7.17 0.91 >7.91 0.55
T8 n.d. n.d. n.d. n.d.
T10 >7.17 1.60 >7.91 1.64
Reduction rate [Log (N 0 weeks/ Nt weeks)] M. bovis 7926 (cysts)
Time (weeks) Experiment Experiment
1 2
vented non- vented vented non- vented
TO 0 0 0 0
T2 1.65 0.12 >7.91 1.30
T4 1.01 0.86 >7.91 0.65
T6 >7.17 >7.17 >7.91 0.65
T8 n.d. n.d. n.d. n.d.
T10 >7.17 >7.17 >7.91 1.27
N: CFU/ ml; Nt: CFU/ ml at an indicated time in weeks; n.d.: not determined
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Appendix 7: Components of IS6110 and hsp65 PCR. The gDNA was used as undiluted 
(neat), as well as in 10"1 and 10‘2 dilutions. The concentration of gDNA used for the 
PCRs can be extracted from Tab. 20, page 122 where the concentrations are shown in 
ng/ pi.
Component of PCR mix lisp 65 IS6110
PCR buffer (Qiagen) lx lx
Primers (Eurofins) 0.5 pM 0.2 pM each
dNTPs (Sigma) 200 pM each 200 pM each
Taq polymerase (Qiagen) 1.25 U 0.5 U
DNA template 10 pi 2 pi
Total volume 50 pi 20 pi
230
9.1. Appendix 8: Materials
9.1.1. Bacterial and protozoan cultures and strains
Mycobacterium bovis BCG Pasteur, Mycobacterium bovis NCTC 10772 and M. fortuitum 
were provided by the microbiology team of the University of Surrey. Mycobacterium 
bovis 3129 (spoligotype 35) and Mycobacterium bovis 7926 (spoligotype 15) were 
provided by the Veterinary Laboratories Agency in Weybridge, UK.
Escherichia coli K12 was provided by the microbiology team of the University of Surrey.
Acanthamoeba castellanii strain 1501/ 1A and Tetrahymena pyriformis strain 1630/ 1W 
were provided by the Culture Collection for Algae and Protozoa (CCAP), SAMS 
Research Seivices Ltd, Scottish Marine institute, Scotland, UK.
Samples of badger setts were provided by Richard Delahay, Central Science Laboratory, 
Wildlife Disease Ecology Team, Woodchester Park in Gloucestershire, UK.
9.1.2. Media and Solutions
Medium/ Solution Components
Proteose Peptone Glucose medium 15.0g Proteose-Peptone, 18.0g D-Glucose,
(PPG) 1000ml Page’s Amoeba Saline
Proteose Peptone Yeast medium (PPY) 20.0g Proteose-Peptone, 2.5g Yeast Extract, 
1000ml Water
Middlebrook 7H9 broth 4.7g Middlebrook 7H9, 50ml OADC, 8.0ml 
sodium pyruvate stock solution, 500jil 
Tween®80
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Middlebrook 7H11 agar 21.0g Middlebrook 7H11, 50.0ml OADC, 
8.0ml sodium pyruvate stock solution
Page’s amoeba saline (PAS) Stocks Der 500 ml distilled water:
(A) 12.0g NaCl, 0.40g MgS04 x H20 , 0.60g 
CaCl2x6H 20
(B) 14.2g Na2HP04, 13.60gKH2PO4 
Medium: (A) and IB) 5.0 ml each in 990ml 
distilled water
Acid-alcohol solution 10.0ml hydrochloric acid, 990.0ml Alcohol 
(70%)
BSA solution 10.Og BSA in 100 ml distilled water
Sodium pyruvate stock solution 4 !g  Sodium pyruvate in 20ml distilled water; 
sterilized through a 0.2 pm filter imit
SDS solution l.Og SDS in 100ml distilled water
Amikacin solution O.Olg in 100ml PAS (100pg/ ml); 
sterilized through a 0.2 pm filter unit
Brain heart infusion agar 37.0g Brain Heart Infusion, 15g agarose, 
1000ml distilled water
4% Paraformaldehyde 4.0g paraformaldehyde in 100ml water
Methylene blue solution 0.14g in 100ml distilled water
PBS PBS tablets in distilled water
NaDCC solutions Stock solution of 2000 ppm: 200 mg NaDCC
(freshly prepared before each in 100 ml distilled water.
experiment) 1) for 200ppm solution: 2000 ppm stock 
diluted 1:10 in water; sterilized through a 0.2 
pm filter unit
2) for lOOppm solution: 200 ppm solution 
diluted 1:1 in water; sterilized through a 0.2 
pm filter unit
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NaOCl solutions
(freshly prepared before each
experiment)
Stock: Domestos brand
1) for 200ppm solution: 40 pi in 999.6 pi PAS; 
sterilized through a 0.2 pm filter unit
2) for lOOppm: 200 ppm solution diluted 1:1 in 
water; sterilized through a 0.2 pm filter unit
Thiosulphate (1%) 0.5g thiosulphate in 50ml distilled water;
(freshly prepared before each 
experiment)
sterilized through a 0.2 pm filter unit
NN-agar lOg agar in 1 litre PAS
LB medium lOg trypnone, 5 g yeast extract, 10 g NaCl, 1 L 
ddH20, pH adjusted to 7.0, autoclaved
TE buffer 12.14g Tris, 3.72g EDTA in 1 L, 
pH adjusted to 8.0
Loading buffer (6x) 3 ml glycerol, 25mg bromphenol blue, 10 ml 
ddH20
Methylene blue solution 0.14g in 100ml distilled water
Ringer’s solution tablets in ddH20
Carbonate buffer (pH 9.2) 8 ml of 0.2M sodium carbonate (Na2CC>3), 17 
ml of sodium bicarbonate (NaHCCb), 50pl 
Tween®80,25 ml ddH20
9.1.3. Chemicals and Supplements
Component Company Cat. No.
OADC
Middlebroolc 7H11 
Middlebrook 7H9 
Carbol-fiichsin solution
Lacto phenol blue
Becton Dickinson, BBL 212240
Becton Dickinson, Difco 283810
Becton Dickinson, Difco 271310
VWR/BHD Laboratories 351894B
supplies
Pro-Lab Diagnostics PL.7054
GelRed™
LysoTracker®Red DND-99 
Fluorescein isothiocyanate 
(FITC)
Fluorescence mounting 
medium
House hold bleach
Primers
NaCl
MgS04 x 7 H20
CaCl2 x 6 H20
Na2H P04
KH2P 04
Na2C 03
NaHC03
CaCl2
BSA
D-Glucose
Sucrose
Formalin
EDTA
Tris
Glycerol 
Methylene blue 
NaDCC 
Agarose
Brain Heart Infusion 
Agar
Proteose Peptone 
Yeast extract 
Tryptone
Biotium, UK
Invitrogen
Sigma-Aldrich
Dako, UK
Domestos brand 
Eurofins, UK 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Fisher Scientific 
Oxoid 
Oxoid 
Oxoid 
Oxoid 
Oxoid
41003-0.5 ml
L-7528
F4274-50MG
S3023
S/3160/53
BPE213-1
C/1240/53
S/4520/53
P/5240/60
BPE357-1
S/4200/60
C/1400/60
M5059
G/0450/53
S/P770/63
F/1451/25
BPE 119-500
T/P630/53
G/0600/17
BPE117-100
S/3510NC/53
9012-36-6
TV5010
PL0011
LP0085
LP0021
LP0043
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PBS Oxoid BR 0014G
Ringer’s tablets Oxoid Br 0052G
PCR buffer Roche 12850300
dNTPs Roche 11 969 064 001
Taq polymerase Roche 12863221
DNA Molecular Weight Roche 1449460
Marker IX (0.072-1.35 kbp)
Sodium pyruvate Sigma-Aldrich P2256
Tween®80 Sigma-Aldrich P8074
Paraformadehyde Sigma-Aldrich P6148
Bromphenol blue Sigma-Aldrich 114391-5G
Polymyxin B Sigma-Aldrich PI 104 1U
Carbenicillin Sigma-Aldrich C3416-250MG
Trimethoprim Sigma-Aldrich 92131-5G
Amphotericin B Sigma-Aldrich A2942-100ML
BstEIl restriction enzyme Sigma-Aldrich R4253-500UN
Rs7EII buffer Sigma-Aldrich B8781-1VL
Haelll restriction enzyme Sigma-Aldrich R5628-2.5KU
Hcielll buffer Sigma-Aldrich B3158-1VL
9.1.4. Hardware and Consumables
Hardware Company Cat. No.
Air-tight containers Tesco Klipfresh 901-2852
Centrifuges Beclanan Coulter Allegra® X-15R
Beckman Coulter Allegra® TS-5.1
IEC Centra CL 3R
Heraeus Labofuge 400
Eppendorf 5415D
Electrophoresis chamber Flowgene MH-1510
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Hemocytometer (Neubauer LO - Laboroptik GmbH, 1100000
Improved) Germany
Incubator (20°C) Gallenkamp Compestat
Incubator (37°C) New Brunswick Scientific Innova 4000
NanoDrop Thermo Scientific, USA
Pipettes Jencons, VWR Sealpettes Pro
International, UK Safetypette Pro
Power Pack Thermo/ Electron 
corporation
EC250-90
Thermo block Eppendorf ThermoStat plus
UV lamp Syngene Bio Imaging Geneflash
Digital Microscope Camera with ULead® Photo Explorer 7.0 software
Canon EOS 5D with Canon Digital professional Software
Zeiss LSM 510 Meta Confocal Microscope
Consumables Company Cat. No.
Tissue culture flasks Nunc™ 178883 and 136196
culture area, 175 & 25 cm2
24 well culture plates Nimc™ 142475
Erlemneyer flasks, Fisher Scientific TKV-130-090G
polycarbonate, sterile
Petri dishes WVR, Sterilin 101R20
Spreaders WVR, Sterilin SLINSPCS05
2.0 ml tubes Axygen Biosciences MCT-200-C-S
0.2 ml tubes Axygen Biosciences PCR-02D-A
1.5 ml tubes Axygen Biosciences MCT-175-C
50 ml tubes Sarstedt 62.574.254
27G blunted needles Braun, Sterican® 91800117
Sterile syringe 1 ml, 10 ml Becton Dickinson, Plastipak 300013, 302188 and
and 20 ml 300613
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Sterile scrapers 
Pipettes 10 ml 
Pipettes 25 ml 
Polylysine coated glass 
slides
Greiner bio-one
Sterilin
Sarstedt
Thermo Scientific
541 070
47110
86.1685.001
J2800AMNZ
Nylon mesh 5,10 & 20 pm SEFAR NITEX®, CMN-0005-C,
Small Parts, Inc, USA, CMN-00010-C,
http://www.smallparts.com CMN-0020-C
Filtration unit 0.22 pm Millipore, Millex®GP SLGP033RS
Filtration unit 0.45 pm Millipore, MilIex®GP SLHA033SS
QiAmp DNA Minikit Qiagene, UK 51304
Filter tips 101-1000 pi StarLab SI 122-1830
Filter tips 1-200 pi StarLab S1120-8810
Filter tips 1-20 pi StarLab SI 120-1810
Filter tips 0.1-10 pi StarLab SI 120-3810
Nesco Film® Bando Chemicals LTD, Japan
Glass beads (1mm) Thistle Scientific 11079110
Sand Local petshop
Ahesive autoclavable gas FluidX 41-1005
permeable membrane
(132mm x 80mm)
glass bottles (15 ml) Fisher Scientific TUL-490-062E
disposal jars, 2.6L The Microbiological Supply DS80
(DISPO-SAFE™) Company, UK
